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Nuclear structure effects in preequilibrium reactions:
a-induced reactions on 2 5 26Mg, 27Al, and 2sSi
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%e have measured charged particle spectra from 100 MeV a-induced reactions on targets of
' 5' 6Mg, ~A1, and zsSi. The charged particles are protons, deuterons, tritons, He, and a particles.

The cross sections were analyzed in the framework of the exciton coalescence model. The data sug-

gest complex particle formation to be independent of individual nuclear structure. The deduced

single-particle state densities show strong odd-even effects.

I. INTRODUCTION

The study of continuous particle spectra is of great in-
terest because the corresponding yield exhausts the largest
fraction of the absorption cross section. Systematic exper-
imental studies performed so far have investigated reac-
tions on target nuclei spanning the periodic table. '

From these measurements bulk properties of the underly-

ing reaction mechanism have been learned. Typical infor-
mation, for instance, is the A dependence of the inelastic
cross section which is (200+10)A '/ (mb) for (p,p') reac-
tions at E~ =90 MeV. 3 This dependence suggests the sur-
face dominance of the reaction. Investigations, concern-
ing the question whether and, if yes, to what extent the in-

dividual nuclear structure infiuences the continuous spec-
tra, are scarce. Castaneda et a/. have studied (n,p) reac-
tions on all even-even Ni isotopes. They concluded from
their data analysis that spectral height differences are due
to neutron skins with different thicknesses. The
Livermore-Hamburg group has studied single-particle ef-
fects by investigating the high energy part of the neutron
spectra from 25 MeV (p,n) reactions especially on nuclei
below the f7/2 shell closure and above the g9/2 shell clo-
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In the present investigation we have studied nuclear re-
actions induced by a 100 MeV a-particle beam on targets
of 24 5 2sMg, 27Al, and Si. Another region in the period-
ic table containing a large number of neighboring stable
isotopes suited as nuclear targets is around A —115. Most
of them are Sn isotopes having the magic proton number
Z =50. In the present study light nuclei were the prefer-
able choice, because hght nuclei have less dense spaced

levels than heavy ones. There is hope, therefore, that one
can see influences of nuclear structure on secondary parti-
cle spectra more clearly than would be the case for heavy
nuclei. Furthermore, this list of targets contains even-
even as well as even-odd and odd-even nuclei. Moreover,
the nuclei Mg and Si are so-called "a-substructure"
nuclei because one can think of them as being made up of
6 and 7 n particles, respectively.

If this substructure played an important role one would
expect an increase in the (a,a') yields due to knockout
contributions in cases of the two "a nuclei" with respect
to the other target nuclei.

The paper is arranged as follows. In the next section
details of the experiments are given. In Sec. III we dis-
cuss the experimental findings. Then the data are com-
pared against model predictions and our conclusions fol-
low.

II. EXPERIMENTS

The experiments were carried out at the Julich isochro-
nous cyclotron JULIC. The a beam was focused with the
aid of a pair of quadrupole magnets to the center of a
scattering chamber 1 m in diameter. The beam was then
refocused by another magnetic quadrupole lens to an
external Faraday cup also serving as beam dump. The
targets used xcept the Si target —were metallic self-
supporting foils made from isotopically enriched (Mg) or
isotopically pure materials. They where produced by
rolling and their thicknesses are given in Table I. The Si
target was fabricated from a very pure Si crystal (99.9%%uo

purity) of natural isotopic distribution by grinding. This

Target

TABLE I. Properties of the targets used in the experiments.

Isotopic abundance
(%)

Thickness
(mg/em )

Mg
2Mg
26Mg

Al
28S

99.9
99.2
99.4

100
92.2

9.95 self-supporting foil
5.6 self-supporting foil
5.29 self-supporting foil
5.2 self-supporting foil
5.99 on Mylar backing
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crystal was then glued onto a Mylar foil as backing.
The secondary charged particles were detected with two

solid-state detector telescopes mounted 3' apart from each
other on the revolving top of the scattering chamber.
Both consist of Ge(Li)-E detectors with thicknesses suffi-
cient to stop 100 MeV protons. One telescope was
tailored to detect hydrogen isotopes and the other to
detect helium isotopes. Therefore, the bE detectors of the
telescopes were a 1000 jLim Si surface-barrier detector and
a 400 pm Si surface-barrier detector, respectively. The
solid angles, defined by 5 mm thick tantalum apertures,
were 8.55 & 10 sr and 1.28 &(10 sr and the angle open-
ings 0.958 and 0.731 deg for the "hydrogen telescope" and
the "helium telescope, " respectively.

Particle identification was performed by feeding the
analog bE and (bE+E) signals into analog-to-digital
converters (ADC's) of the on-line data acquisition system
ND6660 and employing its on-line sorting possibilities.
In this method two-dimensional curved gates had to be set
around the event islands corresponding to different ejec-
tiles on a bE-(b,E+E) map. Particle analyzed energy
spectra were recorded on magnetic tape after the end of
each run. The setting of the gates was controlled on the
screen of the ND6660. Because of the hmited channel
resolution of this display, data were taken from time to
time on tape in the list mode and plotted on a high resolu-
tion screen together with the gates to control their setting.
The dead time of the electronic setup and the data ac-
quisition system were measured by feeding signals into the
preamplifiers from a pulse generator which was triggered
by the down-scaled counting rate of the "hehum tele-
scope. " The dead time was 0.5% to 7% depending on the
counting rate. The measured beam charge was corrected
correspondingly.

The telescopes were energy calibrated by detecting in-
elastic scattered a particles on ' C and protons, deuterons,
and a particles from elastic scattering processes on
(CH2), -(CD2)„ targets. This procedure yielded a linear
relationshi'p between energy and ADC-channel number.
Finally, the counting rate was converted into cross sec-
tions. The systematic errors were estimated to be 10% in
solid angle and 2% in the measured charge. The inhomo-
genities in the targets were up to 5%%uo and their total thick-
ness uncertainty 1%. Since the beam spot of 3 mm in di-
ameter averages over a part of the target area, an uncer-
tainty of 3%%uo was assumed. The cross sections were aver-
aged over 2 MeV wide bins, thus reducing counting rate
errors. The total cross sections estimated were thus in-
correct by typically 4.4% at an angle of 30'. The cross
sections and deduced angle integrated yields are tabulated
in Ref. 11.
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III. EXPERIMENTAL RESULTS

The measured spectra show a large continuous part
with rather remarkable differences in shape for the dif-
ferent particle types being emitted. This is especially visi-
ble at forward angles. In Fig. 1 charged particle spectra
from particles emerging from the Si plus a-particle sys-
tein at 8=12' are shown. All spectra except the proton
spectrum show at the high energy end lines due to nuclear

0 20 4O 60 ~ (Mev)

FIG. 1. (a) Hydrogen isotope spectra from the a plus 'Si in-
teractions. Data are taken at 5=12'. Ib) Same as (a) but for
helium isotopes.
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reactions to excited bound states in the corresponding resi-
dual system. This structure is especially rich for inelastic
scattering and one particle transfer reactions. Two parti-
cle transfer seems to be less probable and obviously there
is no three particle transfer visible, at least on the level of
the present statistics. All spectra show bell-shaped bumps
in the continuous part. For particles lighter than a parti-
cles they are centered around the beam velocity and are
due to breakup of the projectile a particle. ' ' The ratio
between the yield contained in the bumps and in the
underlying "background" increases with increasing parti-
cle mass number: -0.36, OA1, 1, and 1 for p, d, t, and
3He. In the d spectra a second but much smaller structure
when compared to the breakup is visible but at approxi-
mately half the beam velocity. It may correspond to a
breakup reaction followed by neutron pickup: (a,p)(p, d).
A similar process has been reported for the case of the
( He, t) reaction: ( He, d)(d, t). The question whether other
reactions of this type are present like (a,d)(d, t) cannot be
answered with the present data because of the statistics
and too large detection angles. The same is true for the
process (a, He)( He,u'), because in the inelastic a spectra
contributions from the reversed process, i.e., pickup fol-
lowed by breakup' due to particle unstable intermediate
systems sHe or Li are present. However, for larger an-
gles these contributions to the cross sections stemming
mainly from the projectile are small and not even visible
in the angle integrated data. The data are similar in their
behavior with respect to angular distributions or shape as
previous ones from 140 MeV incident a particles. We
will therefore concentrate on specific results of the present
data. In Fig. 2 the angle-integrated cross sections for
(a,p) reactions on the different target nuclei are shown.
Surprisingly, the lightest target nucleus under considera-
tion in the present investigation, namely Mg, yields the
largest cross se:tion followed by the one for 2sSi which is
also an "a nucleus. " The cross sections for Mg and
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FIG. 3. Angle integrated cross sections for (a,a') reactions.
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Mg coincide and for the odd-even nucleus Al the
smallest cross section has been measured. Another exam-
ple is given in Fig. 3 for (a,a') reactions. The order is the
same as for the (a,p) reactions except that the cross sec-
tion for the even-odd nucleus Mg is now smaller than
for 26Mg. Obviously, the reactions are favored for even-
even nuclei especially when the target nucleus possesses an
"a substructure. " For the (a,a') reaction this result may
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FIG. 2. Angle integrated cross sections for (a,p) reactions.
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FIG. 4. Angle integrated cross sections for charged particles
emerging from 0, plus Mg reactions.
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TABLE II. Comparison of the energy-differential cross sections for the (a,p) and (a,a') reactions.

Target Mg Al 28S1

4f H( ay+ )
( byM y)

60(aya)(AM y)
der(a, p)
do(a, a')

5.58

6.23

0.86

4.14

5.12

0.81

3.68

3.96

0.92

5.25

0.93

cf0 (ay+)
( b~ y)

cf0 (aiba )
( AM y)

do(a, p)
do(a, a')

1.18

5.17

0.23

0.832

4.18

0.20

0.80

4.49

0.18

0.793

3.42

0.23 0.21

be understood by assuming knockout contributions which
are expected to be larger for "Mg and Si than for the
other target nuclei. However, recent (a,2a) measurements
on Ni at E =140 MeV have shown that knockout is a
rather unlikely process when compared to other noneva-

porative processes. " This finding is supported by the fol-
lowing. In Table II we compare the ratios
do(a, p) jdcr(a, a') for two different ejectile energies.
Surprisingly, these ratios are rather similar for the same
ejectile energy. If the "a substructure" would increase the
(a,a') yields, then the ratio would be smallest for Mg
and Si. However, the opposite is true. Similar compar-
isons for the other composite ejectiles lead to the same re-
sults. From these observations we may conclude that
composite particle emission does not strongly —if at all-
depend on the individual structure of the target nucleus,
at least for the nuclei in the present mass range.

In Fig. 4 we compare charged particle spectra from
Mg + a interactions with each other. The proton emis-

sion is the strongest channel for small energies. Whereas
the proton spectrum has the steepest slope, the (a,a')
channel has the fiattest one. It is the strongest channel
for energies above 50 MeV. The deuteron spectrum is in
between with respect to shape and height. The t and He
spectra are very similar in shape. The latter is the weak-
est channel.

IV. COMPARISONS %ITH MODEL CALCULATIONS

If we think of the continuous part of the proton spectra
to be produced in a one step process, we can express the
corresponding cross section in terms of the D%'BA as

'
~ vf, ~'pf(U)dU,

dA k

with k denoting the momenta of the incident and outgo-
ing particle,

~ Vf; ~

an average matrix element, and pf the
density of final states in an excitation energy bin around
U. Let us consider first the case of Al. As has been
pointed out by Griffin, ' such a case is favored for the

(a,p) reaction because Al has an unpaired proton. In
this case the matrix element should be large because the
incident state wave function g; =(t ~ET and the final state
wave function gf ——PP'„, have large overlap due to the
underlying structure: this may be expressed by the excita-
tion of three protons and two neutrons in both states with
respect to the core. On the other hand, for cases with
paired protons a proton hole has to be excited additionally
with respect to the core. Therefore, in these cases the ma-
trix element should be small. The experimental finding,
however, is the smallest cross section for Al. This can
be understood by further inspection of Eq. (1). The cross
section depends also on the available phase space ex-
pressed in terms of the level density. Let us assume an
Ericson type of level density, i.e.,

p+hUp+h —1

pf ( U) =p(p, h, U) = (&)

with p and h being the number of excited particles and
holes and g the single particle state density. As discussed
above, an unpaired proton yields a three protons plus two
neutrons equals 5p state. For a nucleus with only paired
protons the result was three protons plus two neutrons
plus one proton hole equals 5p+1h state. The second
case has a much larger level density than the first one. If
the level density is the dominating factor in Eq. (1), it is
well understood why the most favorable nucleus by struc-
ture yields to the smallest (a,p) cross section.

The continuous cross sections are believed to come
from multistep processes taking place in the continuum.
Since different models have been recently reviewed, ' we
will give here a short description of the exciton coales-
cence model' only and then analyze the data in terms of
it.

A. The exciton coalescence model

In terms of the exciton coalescence model (ECM) the
reaction is thought to proceed from an initial state, as dis-
cussed above, through more complicated states until com-
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piete statistical equilibrium is reached. The intermediate
states are characterized by the number n of excited parti-
cles and holes commonly called excitons. Transitions be-

tween different states are assumed to occur only by two-

body interactions. Therefore the complexity of states can
only differ by b,n =+2 or 0. In every state there is a cer-
tain probability for particles to be emitted. The relaxation
process is calculated with the help of master equations. '

The spreading rate A, '(n, E} may be calculated from
nucleon-nucleon scattering in nuclear matter yielding'

A, '(n, E}-constE .

The decay rate I, ' is calculated from the principle of de-

tailed balance. If we assume the level densities g, of the
composite system and gq of the residual system to be
equal, the decay rate is given by

n
' 'n

X'(n, E)=~'(E)
n E E

with B denoting the binding energies and Vc denoting the
Coulomb barrier. In the derivation of Eq. (4) a time re-
versed cross section of the form

o;„„(e}=n R (1—Vc le)

is assumed and only neutron and proton emission con-
sidered. In Eq. (5) e denotes the channel energy. The nu-

cleon emission rate A, '(E) is given as

A, '(E)= Eyer;„„(E}

with s the spin degeneracy and p, the reduced mass.
Composite particles may be formed during such an

equilibration process when excited nucleons have proper
spin and isospin and when their momenta are confined
within a sphere having radius Po around the momentum

P, of a leading nucleon. The cross section is then given

by an incoherent sum over contributions from states hav-

ing different exciton numbers'

d2o B

f(n, x)W, (e,E)A(n —p„+p„Q)
dedQ

0

~g(n —p„+pz ) P(n, t)dt .

The first quantity is a correction for using only one Fermi
gas for nucleons instead of different ones for protons and
neutrons. 8'„ is given by

2s„+1 x —'
W, (e,E)= ego;„„(e)pF[ , ir(PO lac)3f" —(8)

single-particle level density, and neglect the binding ener-

gy, the relation

f Fde= 1 (10}

holds. The number of particles in the projectile is denoted

by p„and by pB that in the ejectile. In Eq. (7) A is a
function containing angle information only and P(n, t) is
the occupation probability of a state with n excitons at
time t measured in terms of the absorption cross section.

B. Data analysis in the framework
of the exciton coalescence model

1. Proton emission

20'-

26Mg (u, p) X
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X
15

E

D

t0
0

As already discussed in the preceding subsection the in-
itial degrta: of freedom is a crucial model parameter.
From a naive point of view one might assume that in the
first projectile-target interaction the complex projectile
dissolves into its constituents by simultaneous excitation
of one particle and one hole in the target nucleus. Such
an initial exciton number no —p„+ lp + lh has been wide-

ly used in the analysis of data. 3' However, this number,
for the present case no 6, is n——ot in agreement with the
number no ——5 for the case having an unbound proton as
has been discussed above. Recently, this intuitive picture
has been given up leading to an energy dependence of
no 'As . a starting point of the analysis we have per-
formed model calculations employing no equals five parti-
cles plus one hole. In the calculations, furthermore, the
single particle state density g was assumed to be the same
for all systems, namely to the one with the primary com-

posite nucleus. This quantity was allowed to vary as to fit
the data. To make the effect of the ftt more clear we as-

SQGle

A

13.3 MeV

with u and c denoting the nucleon mass and vacuum ve-

locity of light, and with F the probabihty density to have
the right sharing of energy between the ejectile and the
residual system. ' F contains mainly level densities 20

I

IO
I

50

, p(p p, h, E e B„)p(p, —,e)——
F=($ )

' . (9)
p(p h E) g

If we assume a level density of the type Eq. (2), the same

FIG. 5. Comparison between energy differential cross sec-
tions and ECM calculations with n0 ——5@+lb. The level densi-

ty was scaled by factors f indicated in the figure [see Eq. (11)].
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FIG. 6. Griffin-plot analysis of proton spectra.

with f a measure for the deviation from the average single
particle state density corresponding to a level density pa-
rameter (a =gn2/6=A/8 MeV). On a semilogarithmic
scale we obtain a good reproduction of the data. The in-
fiuence of f seems to be rather small. This situation,
however, changes drastically when we make the compar-
ison on a linear scale which is shown in Fig. 5 for the case
of Mg as target nucleus. The low energy part is best
reproduced by a value f=1.6, while the high energy part
favors f=0.79 more. Obviously, it is not possible to
reproduce the data on a linear scale with only one value
for f. We then have determined no from the data itself
by means of a Griffin plot analysis. ' One can assume
that the term depending on no in Eq. (7) is the dominant
one. This is a good approximation for large energies e of
the emerging proton or, in other words, small residual ex-
citation energy U=E —8~ —e, and for small detection
angles. In this approximation the cross section is given by

d o(e,8) Upo+&0 —i
d dQ

which can be easily transformed into the equation of a
straight line

1 d cT(e,8)
ln

eo;„„(e) dedQ
= (pc+ h o —2)ln U+ const .

(12)

A corresponding plot of the data is named after Griffin.
We have made such plots for our data taken at 20' which
are shown in Fig. 6. Fits of straight lines to the data
points yield slope parameters s of approximately three
and therefore no ——pc+ho ——5. Unfortunately, this type of
analysis does not show the partition of excitons with. par-
ticles and holes. To answer the question which is the
right choice we have performed model calculations em-
ploying no equals four particles plus one hole and no
equals five particles plus zero hole, keeping the particle
number close to the number of nucleons in the projectile.
The results of such calculations are shown in Figs. 7 and
8 again for the data from the 2 Mg target. As in the cal-
culations discussed above, the single-particle state density

26Hg ((x, , p I X

Ea=100 MeV
26Vg(u, pjX
Eg = lQOHeV

)
X

E

2G e (MeVj

FIG. 7. Comparison between data for Mg target nuclei and
ECM calculations employing no ——5p +Oh and f values as indi-
cated in the figure.

t, G eo .~(~eVI

FIG. 8. Same as Fig. 7, but for no ——4@+lb.
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TABLE III. Scaling factors f for the single particle state density [Eq. (11)].

Composite nuc1eus
Structure

28S1

even-even
1.4

"Si
even-odd

1.8

30S1

even-even
1.6

31p

even-odd
3.2

32S

even-even
1.8

was adjusted to fit the data. For both calculations we ob-
tain excellent agreement on a linear scale. The value f,
which for no ——6 was approximately 1, increases to 1.6
and 2.0, respectively. For the cases of the other target nu-
clei only the choice no equals four particles plus one hole
yielded satisfactory results. We have therefore continued
the analysis with this number. The deduced f values are
shown in Table III. First we see a linear increase in f for
the even-even nuclei. Surprisingly, the "a-particle" nuclei
2 Si and S do not show a strong deviation from the aver-

age. For 'P, which has an unbound proton, a rather large
single particle state density is obtained. This means that
also the total level density is large in contrast to what
should be expected from the discussion above. We will
come back to this point later. The sensitivity of the
analysis can be estimated from the comparison of two cal-
culations with data for the case of Al as target and is
shown in Fig. 9. One calculation is for f=1.8 which is
close to the average value. This calculation overestimates
the data over the whole energy range and expresses the
need for a larger single particle state density as employed
in the second calculation shown. Another important in-
gredient in the calculations which strongly infiuences
spectral heights and spectral shapes is the secondary
chance emission, i.e., emission of protons from daughter
nuclei. In Fig. 10 the contributions from the composite
system (first chance emission) and from daughter nuclei
produced via proton emission and neutron emission are
separately shown together with their sum and data for the
case of sMg target nuclei. The method of how to do such
calculations is discussed in Ref. 17. To summarize the re-
sults of the analysis we can state that no equals four parti-
cles plus one hole is the preferable choice for the initial
exciton number and that data are reproduced even on a
linear scale by adjustment of one quantity, namely the sin-

gle particle state density.

2. Complex particle emission

For the analysis of complex particle spectra one has one
more model parameter: the coalescence radius I'o. This
radius was obtained by adjusting

y„=[—', n(Po/uc) ] " (13)

to fit the data [see Eq. (8)]. As already mentioned in the
discussion of the data, there is contamination to the pure
preequilibrium continuum from other reaction mecha-
nisms. In the case of proton emission they represent only
a small fraction of the cross section. However, the situa-
tion is different for other particles in the exit channel. We
have therefore fitted the model calculations to the data for
only those energy regions where the cross sections are
more or less free from contamination. A typical result is
shown in Fig. 11 for complex particle emission from the

Mg+a system. The spectral shapes are well repro-
duced. With increasing mass number of the emitted parti-
cle the spectra become less steep. This feature is nicely
reproduced by the calculations. We would like to stress
once more the point that the comparison is made on a
linear scale. The deduced coalescence radii Po for the dif-
ferent particles emerging from the different composite
systems are listed in Table IV. They are rather uniform
and do not seem to depend on the individual target nu-

cleus; although, the latter have a different and individual
structure as seen in the discussion of the proton emission.
This indicates that the mechanism responsible for the for-
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FIG. 9. Same as Fig. 8, but for 27Al target nuclei.
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FIG. 10. Same as Fig. 8, but for Mg target nuclei. The con-
tributions from the composite system as well as from daughter
nuclei produced by neutron or proton emission are also shown.
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FIG. 11. Angle integrated cross sections for the indicated reactions are compared with ECM calculations. Spectra for d, t, 'He,

and c-particle emission are shown in parts (a), (b), (c), and (d), respectively.

mation of the complex particles does not strongly depend
on the target nucleus as is the case for transfer reactions
to bound states. Also in the study of the excitation func-
tions for inclusive t production, a very weak A depen-
dence of the triton formation probability was observed.
For a-induced reactions a value Po ——298 MeV/c is ob-
tained for targets spanning the periodic table froin alumi-
num to gold. This value may be compared ~ith the mean

for t production from the present investigation which is
Po ——300.6 MeV/c. All mean values are shown in Table
V together with coalescence radii Po from which spin
alignment and phase factors are explicitly removed ac-
cording to

2A +Z
( p 3)1V+Z —1 (p3 )X+Z —1

(N+Z)3(2s+1)

TABLE IV. Deduced coalescence radii Po (MeV/c) for the different exit channels.

Po (MeV/c)
Composite nucleus

"si
29S1

30Si

31p

32S

263.3
244.4
252.3
254.2
256.1

299.3
303.0
302.4
301.2
297.1

He

284.2
277. 1

275.5
289.0
302.2

405.2
412.0
407.2
405.2
403.7
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TABLE V. Coalescence radii and reduced coalescence radii for the mean values of Table IV. The radii in coordinate space are
from a phase space relation [R, Eq. (15)],or from Eqs. 16 and 17 (R ) assuming a Gaussian distribution. Root-mean-square radii R
are also shown for comparison.

x =particle type

d

'He

Po (MeV/c)

254. 1

300.6
285.6
406.7

I'0 (MeV/c)

139.8
218.7
207.7
348.6

R' (fm)

3.41
2.18
2.30
1.37

0.415
0.698
0.629
1.50

R„(fm)

1.90
1.47
1.54
1.00

R b (fm)

2.095
1.70
1.87
1.63

'Obtained from the phase space relation Eq. {15).
From Ref. 25.

with N and Z the neutron and proton number of the
emerging particle and s its spin as before. From these
values radii R in coordinate space can be evaluated if we
only assume the phase space relation to be valid

' 2/3

R= (15)
4m p

)3/2(N +Z —1)(Z +~)—3/2 (16)

From this relation we obtain the range parameters v„
given also in Table V for the present mean radii Po.
From v„ the root mean square radii R„are evaluated ac-
cording to

R =+3/(2v ) .

These values are also shown in Table V together with
root-mean-square charge radii for the free clusters R
taken from literature. 3 Both ways of deriving radii, i.e.,

These values are also shown in Table V. As in relativistic
nucleus-nucleus collisions we observe a dtx;rease of the
radii with increasing mass number of the emitted compos-
ite.2 Mekjian concluded from this behavior that R
represents the volume from which particles are being
emitted and that a particles are emitted in an earlier stage
than t and He which are from an earlier phase than
deuterons. On the other hand it was shown in Ref. 20
that the radii deduced from experiments with the help of
the phase space relation Eq. (15}are close to the radii of
the free clusters. From this finding an alternative inter-
pretation emerges: when nucleons are confined within the
phase space of the corresponding light nucleus they are
emitted as such. In contrast to the model raised by
Mekjian 2 no equilibrium is necessary for cluster forma-
tion. More recently, Sato and Yasaki have also given up
the picture of achieved equilibrium in the volume TtrR .
They calculated coordinate space radii in the framework
of the density matrix formalism. If we apply their final
results to the present data we obtain negative values for
the range parameters v of the reaction volume assumed to
have Gaussian shape in the cases of d and a emission. We
take this as an additional hint against the interpretation of
the coordinate space volume as reaction volume. One can
apply the formalism of Ref. 24 without distinguishing be-
tween the cluster x with range parameter v„and the reac-
tion volume yielding to'

(
& )N+Z —2( 4 ~P 3)W+Z —1
2 {}

Eq. (15) and Eqs. (16) and (17) yield values close to those
for the free clusters. In all cases the sharp cutoff values R
are larger than the root mean square radii R, . The latter
are somewhat smaller than the root mean square radii for
the free clusters, except for deuterons.

3. Angular distributions

Besides angle-integrated yields the exciton coalescence
model is also able to predict angular distributions. 's' o

The corresponding quantity A (n, Q) in Eq. (7) is the prob-
ability that in a n-exciton state there is a fast nucleon with
direction Q=(5,$}. Because we are not dealing with po-
larized particles A is independent of the azimuth P. The
8 or step function in Eq. (7) makes sure that there is at
least one recoiling nucleon. Calculations have been per-
formed with two different choices for the initial distribu-
tion probability. One choice is 6

3 (no, Q) =a cos(PS)8(n /2 —P8) (18)

A (no, Q)=a exp( b@)— (19)

with b-8/rad. The overall normalization constants a
and a are obtained from the relation

f A(no, Q)dQ=1 . (20)

Results of such calculations for the Mg(a, p)x reactions
are shown in Fig. 12. The model calculations are close to
the data for angles smaller than 60'. The calculation with
the exponential dependence Eq. (19) reproduces the data
in this interval better than the one with Eq. (18). For an-
gles larger than 60' there is a large discrepancy for both
types of calculations. This failure is observed for all reac-
tions measured. The same overestimation for backward
angles as ECM does hold for the empirical estimate ac-
cording to Kalbach and Mann. In this framework the
cross section is given by

d2 (& y) maxl

=ac g b( )eP(icons)
d&dQ o

(21)

with the reduced coefficients b, obtained from a parame-
trization of experimental data. The calculations made
include partial waves up to 1,„=20. The factor ao is

with p=k R/8, which takes into account that only a
limited angular momentum can be transferred to the com-
posite system. The other choice takes into account the ex-
ponential slopes observed in the data
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FIG. 12. Angular distribution for the indicated reaction.
Calculations employing an initial angular distribution function
Eq. (18) are shown as a dashed curve; those employing Eq. (19)
are shown as a sohd curve.
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FIG. 13. Angular distribution for the indicated reaction. The
ECM calculation is shown as a solid curve and the parametriza-
tion (Ref. 28) is normalized to the experimental angle integral as
a, dashed curve.

given by the condition that the integral over the unit
sphere of Eq. (21) yields the experimental angle-integrated
cross section. One comparison with data is shown in Fig.
13. Both calculations, ECM and the one according to
Ref. 28, give very similar results. The failure of the pa-
rametrization method is surprising because it worked
rather satisfactory for large angles and moderate ejectile
energies. ' In order to investigate this unexpected angular
behavior of the present data we have compared angular
distributions with those obtained from 90 MeV a particle
induced reactions on ~ Fe (Ref. 27). In Fig. 14 the angu-

I i l I I

50 100 150
(oj

FIG. 14. Angular distributions normalized to 1 for (a, 'He}
and (a,a') reactions. The data from 2'Mg are shown as dots,
data from ' Fe as squares. The parametrization from Ref. 28 is
shown as curves.

lar distributions

d o'(e, 5) do(e) d'o(e, 5)
dad& de do(e)dQ

are shown for (a, He) and (a,a') reactions on Mg and
54Fe. In the case of He emission the ejectile energy is 68
MeV which corresponds to a region in the breakup bump.
The data agree with each other for small angles, i.e.,
smaller than 60'. For larger angles the data for the lighter
target nucleus seem to fall off more steeply than those for

Fe. The prediction of Eq. (21), which is the same for
both reactions, again overestimates the yields of the

Mg + a reactions for large angles by two orders of mag-
nitude. The same deviation between reactions on the light
nuclei and Fe holds also for energy intervals completely
dominated by pure preequilibrium (see Fig. 12). The an-
gular distributions for the Fe(a,a') case are reproduced
by Eq. (21). From this analysis we can conclude that the
angular distributions depend on the target mass at least
for large angles. Such a dependence is not accounted for
by ECM and is in contrast to the findings of Ref. 28.

V. DISCUSSION

As already mentioned above, the proton data infer an
initial exciton number no ——5. From model calculations
the preferable choice was found to be no ——4@+lb in-
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dependent of the structure of the target nuclei. This is
surprising because Al has an unpaired proton which
could be more easily removed in an (a,p) reaction than a
paired proton which is the case for the other target nuclei
studied. The expected difference in no as expected from
nuclear structure —see the discussion around Eq. (1)—is
not observed. This can be taken as evidence that not only
the weakest bound nucleon participates in the reaction.
From plane wave calculations for Al(p, p') and (p,n) reac-
tions at 90 MeV bombarding energy it was found2 that
60% of the nucleons from the outermost shell and 20%
from the inner shell participate in the reaction which
yields approximately ten nucleons for 27A1.

The differences in the absolute heights for the charged
particle spectra yieldinII always largest cross sections for

Mg and smallest for Al, may be due to differences in
the absorption cross sections. For the ECM calculations
these were calculated according to

a,b, atro(A—I—+Ap )(1—Vc/Ep) . (22)

If we assume that the term depending on no is the dom-
inating one, we have already an exponent 4 for the present
case. It should be mentioned that Akkermans et al. (Ref.
31) have analyzed the (n,n'} data of Ref. 6 within a slight-
ly different exciton model formulation. They have adjust-
ed ger and have kept g, fixed to A/13 MeV. Their ad-
justed values differ up to a factor of 2 from this mean
value for nuclei in the region of interest. Instead of ad-
justing the single particle state density one could account
for odd-even effects by introducing an energy shift, as
done for low energy (p,n} reactions. A pairing shift of
2b, -4 MeV for the Si nucleus reached in the Al(a, p)

To check such a possibility we have calculated o,b, from
optical model parameters for 104 MeV a particles on

Mg and Si (Ref. 30}. In these calculations no such
deviations were observed which are large enough to ex-

plain the present data with f=1 in Eq. (11). The same is
true if we do not apply a constant ro in Eq. (22), but
charge density radii obtained from electron scattering. 2s

Such values yield only a 10% reduction in the absorption
cross section for 2 Al when compared to Mg, whereas a
factor of approximately 1.5 is needed to reproduce the ex-
perimental findings.

The large values for f deduced from the present data
may be due to model approximations and thus do not re-
flect the underlying physics but the shortcomings of the
model. One approximation that was made assumed the
same single particle state density for the composite as well
as for the residual system. Such a prescription is motivat-
ed by the following. For nucleon emission one can for-
mally derive Eq. (8) by applying the principle of detailed
balance. Then the corresponding state densities in Eq. (9)
contain ger and g„ the single particle state densities of the
residual and the composite system, respectively. Then
even small differences in ga and g, can result in large f
values because we have

n —1

(23)

reaction would have a large effect on the level density
and, therefore, on the corresponding cross section. We
will not, however, go into a detailed discussion of the for-
ward shifted or the backward shifted Fermi gas models.
Although there is a large discrepancy between forward
and backward shifted level-density formulae, both
descriptions are applied in statistical model calculations
and it seems highly desirable to study the problem in the
context of preequilibrium reactions. However, such an in-
vestigation is beyond the scope of the present work.
Another shortcoming of the present model may be the as-
sumption of equally spaced single-particle states. The
Fermi gas model predicts g —e'~ . However, the approxi-
mation made is the same for all target nuclei studied. A
possible break down of the validity of this assumption can
not explain the differences observed. It is furthermore
well known that the Fermi gas estimate accounts for only
one-half of the empirical value g (ez)=A/13 MeV. This
discrepancy cannot be removed by additional treating of
surface and curvature corrections. We may conclude
this discussion by stating that we have observed differ-
ences in the single particle state densities at least on a rela-
tive basis. On the other hand we may look at Eq. (8) with
the following interpretation. We can rewrite Eq. (8) as

W„(e,E)=A,,'(e)g pFy„. (24)

Then F is the probability density to have the n-exciton
system in a state where in the residual system n-p„exci-
tons share the excitation energy U while p, excitons share
the energy E U. The f-actor y„contains the spectroscopic
information whether a composite subsystem is really
formed or not and g„ is its single-particle state density.
Particles are emitted from the system at a rate A,,' which is
calculated from detailed balance as in Ref. 34. In such an
interpretation which has some similarity to the hybrid
model, r~ F contains only one particle state density, namely

g, . Our data are suited to distinguish between both points
of view. If the first interpretation is valid then we should
get the same type of individual adjustment not only for
proton emission but also for other composite particle
emission. If so, the infiuence of different level densities
must be contained in y„or the corresponding coalescence
radii Po. However, these values do not show such an
odd-even effect as f does. The y„values are constant
within 20%. From this finding we conclude that the
second point of viewing the process is the right one.

Furthermore, the complex-particle emission is indepen-
dent from the structure of the target nucleus. This find-
ing supports the assumption of coalescence amongst nu-
cleons participating in the reaction. Significant contribu-
tions from knockout of preformed particles can therefore
be excluded. The exciton coalescence model is able to
reproduce angle integrated data on a linear scale. In most
analyses published so far comparisons between data and
model calculations were done on a semilogarithmic scale.
The model fails to reproduce large angle yields. The same
is true for the pararnetrization of Ref. 28. The present
data have a steeper slope with respect to the angle than
those for heavy nuclei.
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