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Consistent Interpretation of Neutron-Induced Charged-Particle
Emission in Silicon

D. Hermsdorf

Abstract

Users requesting gas production cross sections for Silicon will

be confronted with serious discrepancies teking evaluated data
as well as experimental ones., To clarify the accuracies achie-
ved at present in experiments and evaluations in this paper en
intercomparison of different evaluated nuclear data files has
been carried out resulting in recommendations for improvements
of these files. The analysis of the experimental data base also
shows contradictory measurements or in most cases a lack of data.
So-an interpretation of relieble measured data in terms of
nuclear reaction theories has been done using statistical and
direct reaction mechanism models. This study results in a con-
sistent and comprehensive evaluated data set for neutron-induced

charged-particle production in Silicon which will be incorpora-
ted in file 2015 of the SOKRATOR library.



1. troduction

Silicon is of real importance from aspects of radiation shiel-
ding as well as from measuring techniques and microelectronics.
Whereas from radiation shielding point of view neutron, char-
ged-particle and 4" -production cross sections are of interest
/1/, for studies of the so0lid state properties of Silicon the
charged-particle production cross sections will be needed,
However, Silicon is also of highly interest from fundamental
nuclear physics.

Due to the relative low-mass nucleus Si the neutron-induced
emission of charged particles will be comparable with the neu-
tron emission itself and effects will be expected resulting from
competitions between different reaction channels and mechanisms
at least at energies above 10 MeV,

S0, an analysis of the substantiated knowledge on cherged-par-
ticle production in Silicon should yield a better meet the user's
data requests as well as an improved elucidation of reaction
mechanisms in medium mass nuclei. Although the nucleus Silicon

is an excellent object for investigations because it may be part
of the measuring technique itself, the degree of confidence of
experimental data collected up to now is unsatisfactory. Usually
the situation will be characterized by scarce and contradictory
‘data.,

This is the reason why only particular results have been stu-
died in terms of nuclear theory. There is no attempt in litera-
ture to try a congsistent interpretation of all existing experi-
mental data.

Reflecting this status all evaluated nuclear data fileg available
for 'users: normally exhibit strong deviations from each other

and are incomplete in that sense they are not giving angular
distributions and energy spectra for charged particles. In con-
trast to this requests for angular and energy differential data
have been compiled in WRENDA /1/ for radiation damage calcula-
tions in fusion reactor design studies and for solid state phy-
sics applications.

2



To overcome these difficulties and uncertainties this paper was
devoted to yield more relisble and complete data for most impor-
tant charged-particle cross-sections in Silicon.

2. Present status of evaluated nuclear data files

Silicon is included in different evaluated nuclear data libra-
ries. For an intercomparison data have been taken from UKNDL,
ENDL, ENDF/B and JENDL as well as from the dosimetry file SAND-
II.

It could be shown formerly by the author /2/ that there is no
real independent re-evaluation or new evaluation since 1975.

In all cases of the release of any new version of a nuclear data
file (or library) only small corrections and additions have been
observed. This remark may not be true for the version ENDF/B-V,.

But this couldn't prooved by the author because of the confine-

ment of this library for many users.
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Generally, the date for charged-particle production evaluated
for MAT 1194 of ENDF/B-IV are the most complete massive given

in any library. Only there partial excitation functions, angular
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distributions of protons, alpha-particles and deuterons as well
as particle gpectra can be found. No date for the emission of

tritons and He are known.
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If we look for the agreement of data obtained from several li-
braries serious contradictions can be discovered for quantities
like excitation functions for (n,p), (n,%) and (n,d). This is .
illustrated in figs. 1 to 3. No normel user can recognize the
most relevant curve from this confusing situation without
detailled knowledge of the accuracy achieved now. A warning

should be given for use of any evaluation carried out before
1975,

We concluded /2/ from this analysis to create a new evaluation

for Silicon. All data shown in the course of this paper will
be incorporated in file 2015 of the library SOKRATOR maintained
at CJD Obninsk in the format ENDF/B now,.
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3,1. Review of experimental data base

The proton production in natural Silicon may exclusively deter-
mined by the 285i(n,p)28A1 (@ =-3.85 MeV) reaction because of
considerable higher Q-values for 2981 and 39Si of the order of
-2.9 MeV and -7.7 MeV respectively.

Purther, the experimental techniques applied for the study of
28Si(n,'p) may be twofold. The reaction can be observed by the
activation method as well as by the spectrum method providing
for partial informations. Using both, a lot of data points for
the total excitation function and partial excitation functions
for several discrete proton iransitions heve been measured from
threshold up to about 22 leV,

Unfortunately the level schera of the residual odd-odd nucleus
28A115 doesn't favour this investigation beceuse of some un-
resolvable states. Normally only proton groups of two ore more
transitions can be obtained by the proton-spectrometry method.



The actual situation will be summarized in figs.'4 to 6 using
experiments by several authors /3 to 14/.
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In accordance to the resolution in respect to the neutron inci-
dent energy strongly fluctuating cross sections will be obser-
ved in both methods with widths of about 50-100 keV. This results
from an intermediate structure of the compound nucleus 2981.

On the other hand our knowledge on angular digstributions and
proton energy spectra is considerably more incomplete, Besides
some meesurements around 14 MeV neutron incidence energy /15,
16, 17, 18/ single experiments at energies from 7 to 9 MeV /19/
have been reported for the first proton groups po+pi (figs.6,T).
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Especially at 14 MeV the experimental data spread considerably
reflecting the fluctuations in the excitation functions of the
trangitions. Looking on that scarce informations

in figs. 6 and 7) a special feature will be seen clearly
angular distribution of the p°+p1—group. This is a bump
40-50 degrees which increases with ascending neutron.

By and P,
(shown
in all
around
indicating deviations from flat angular distributions
predicted by the statistical model. This is a typicelly feature
attributed to direct reactions with a definite transfer of

energy

angular momentum L.

Also the anguiar distributions of higher proton groups show
remarkable asymmetric behaviours as was found experimentally
by Morgenstern etal. /15/. _

Unfortunately angular distributions at higher neutron energies

and for other proton groups havn't been published up to now,



Further a decisive gap of proton emission spectra data exists,
This may be caused by a very complex particle spectrum seen
by the Si-detectors which will be used as target at the same
time coming from competitive p, d and & particle emitting
reactions within., Only one reliable experiment could be found
at 21.6 MeV /20/ yielding double differential cross sections
in an angular range from O to 60 degrees and proton emission
energies between 4 and 11 MeV, Looking at the behaviour of
p0+pi-group a clear dependence on angle can be observed sub-
stantieting the assumption of contributions from direct direc-
tion mechanisms in (n,p;) particle cross sections. From an
integration over solid angle 4% and energy a value in good
agreement with data obtained by integral measurements (compare
fig. 4) can be obtained. Therefore, the normalization used in
at 21.6 MeV

this experiment relative to a value of Cfn oc
° paper).

seems to be satisfied (see part 5.3 of this

100.
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In all other cases absolute measurements have been choosen to
allow an independend comperison with calculated cross sections.,.

3.2 Interpretation of experimental deta in terms of reaction

model calculations

3,2.1. Application of statistical model

After the introduction in the analysis of nuclear reactions
proceeding via a compound nucleus formation and its decay the
statistical model has been proved to be & very powerful method
for description of a great body of experimental informations.
Nevertheless, any application for a special nucleus preassumes
the test of following two conditions

i)  the ratio <F?/ < D> for the compound nucleus in the exci-
tation energy range considered

and

ii) the determination of optical model perameters for all par-
ticles involved in all open channels for the decay of
vompound nucleus states.

Whereas the second one can be fulfilled by & normal parameter
adjustment procedure using optical model codes the first one
results in & limitation of either the excitation energy range
or the mass range of the nuclei to be studied.

288i is known to exhibit a strong resonance structure in the
energy range from about 0.5 up to 15 MeV which corresponds to
an excitation energy range in 295i in the order of 9 to 23 MeV.
From neutron total and elastic scattering cross sections /21,
22/ averaged values of <[ 22500 keV and<D>=500 keV can be
deduced at about 1 MeV. So an application of the statisticel
model in the case of 255i may be doubtful but it has been done
nevertheless with encouraging results. If it has been done also
in this paper two facts should be kept in mind:
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i) the reality of level fluctuations seen in cross sections
nearly the reaction threshold

and

ii) the appearence of non-statistical effects at higher neutron
incident energies.

We started the investigation of charged-particle reaction cross
sections in terms of the Hauser-Feshbach-formelism by testing
the optical potential parameters for 28
several authors. A systematical analysis /23/ prooved a glightly
chenged potential obtained by Obst /24/ to be the best for a
consistent description of neutron total cross section and ela-

Si+n recommended by

gtic scattering angular distribution simultaneously within a
wide range of neutron incident energies from about 2 up to

26 MeV. Other parameters involved in statistical model calcule-
tions have been taken from Perey's compilation of optical po-
tentials /25/ and evaluated level schemes /26/, binding ener-
gies /27/ and nuclear level densities /28/ which are compiled
in table 1,

The highly resolved level gtructure of the residual nuclei 288i,

28A1, 27Al and 25Mg makes the application of the Hauser-Fesh-
bach-model favourable but no computer code can handle such a
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lot of decay channels. Using the code ELIESE-III /29/ & res-
triction to 31 chennels at maximum holds. However, the number
of levels in each decay mode should be choosen carefully to
yield the lowest systematical error erising from an approxi-
mative determinetion of the Hauser-Feshbach-denominator.
Clearly the absolute calculation of excitation functions of
eny particle transition must be cuted off at & definite exci-
tation energy. Normally this energy cut-off is in the order of
10 MeV., Above this energy ELIESE-III can account for the com~
petition of other decay channels by use of a nuclear level
density distribution normally matched to the discrete level
structure of that residual nucleus giving the most important
contribution to the normalization factor (Hauser-Feshbach-
denominator). This concept of an extension of the Hauser-Fesh-~
bach-formalism breeks down totally if any multi-particle emis-
sion channels will be opened. Considering Q-values of (n,n'p)
or (n,n'c) the one-step-formalism is restricted toat least

15 MeV neutrons.

On the other hand, the energy range from 15 to 20 MeV is of
great interest because data heve been demanded but only scarce
experiments were carried out. Therefore the extension of the
applied statistical formalism is indispensable necessary to
higher excitation energies including multi-step-processes and
nuclear level continua in each residual nucleus formed in any
cascade of particle emission. This adventege can be gotten un-
der pain of anguler distribution informations within the
deexcitation mode. Several computer codes have been elaborated
basing on that concept. The well-known code STAPRE /30/ has
been used in this paper.

If here angular distributions are given for particle transi-
tions to the first few excited states of a residusl nucleus
the following re-adjustment procedure has been applied:

i) calculation by ELIESE~III throughout the energy range up
to 20 MeV;

11



ii) re-normalization of calculated angular distributions accor-
ding to integral cross sections obtained by STAPRE if there
are any differences in integral results,

An other problem connected with this extension of the statis-
tical model should be pointed out!here concerning the use of
different nuclear level density formalisms. The success of the
application of one or another formula has been discussed in _
several papers /31/ and depends strongly on the nucleus consi-

dered and the level density parameters taken from any compila-
tion.

In the code STAPRE there has been implemented the so-called
back-shifted-Fermi-gas-model. The application of this approach
is supported by an excellent compilation of level density para-
meters g and the related parameters for the back-shift & and
moment of inertia & /32/ for nuclear masses above A> 28, So

in the mass range under investigation here (24 £ A £ 29) level
density parameters and the corresponding quantities had been
adjusted partielly to fit the experimental data to a better
extend, The parameters used have been compiled in table 2.

Basing on this method discussed above partial excitation func-

tions of the first 8 low-lying levels in 2CAl as well as their

angular distributions have been calculated. No adjustment must

be applied besides the re-normalization of angular distribu-
tions at neutron incident energies higher than 10 MeV. Simul-

taneously the spectra of proton transitions to the level con-

tinuwn in “gAl #ere obtaluned yielding tae wotal excitation
function for 28 )28

figs. 4 to 8,

Si(n,p Al also. Some results are shown in

3.2.2. Direct reaction contributions

Although the experimental information is insufficient to draw
any definite conclusions on the appearence of non-statistical

effects in 28Si(n,p) reaction some indications for an influence
there are, As mentioned above an irregularity in the angular

12



distribution (see figs. 6 and 7) is not explicablé by the sta-

tistical model only. Furthermore, an enhancement of some pro-
ton transitions has been observed experimentally at 21.6 MeV
/20/ corresponding to the excitation of the analogue of the

giant dipole state in 28

fig. 8).

Si both in position and magnitude (see

Up to now two authors /33, 34/ have tried to explain this devi-
ations. by teking into account a direct-reaction component.

Begt approach at 14 MeV was achieved in terms of a Finite-Range-
DWBA (FR-DWBA) method using en effective n-p interaction assu-
ming a Majorana exchange force with a Yukawa pofential form
factor /33/

- _ exp (-, ur)
Vnp PM V(r) = PM Uo /ur
with U, = 90 MeV and /u"1 = 1.43 fm.

It turns out that the value Uo needed to get reasonable agree-
ment with experiments is larger by a factor of two than the one
determined from the free n-p interaction usually. PWBA calcula-
tions yield incorrect results by an overestimation of cross
sections. Also Zero-Range-DWBA approximations (ZR-DWBA) .give
worse results reflecting the fact that knock-out reactions are
much more sensitive against finite-range effects than other
direct reactions /34/.

Analogous calculations in terms of the FR-DWBA using same n-p
interaction parameters have not been reported at other energies
than 14 MeV. Results published by Liu et al., /34/ at 17 and

20 MeV cannot be taken for comparison because other !exchange
admixtures were applied.

Unfortunatly an appropriate computer code is not available to
carry out FR-DWBA knock-out calculations with special n-p inter-
action terms. For an estimation of the energy dependence of

knock-out contributions to (n,po) and (n,p1) the reaction me-
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chanism has been simulated by a ZR-DWBA approach with inter-
action parameters taken from Agodi /33/. The calculations were
carried out using the computer code DWUCK /35, 36/.

The neutron and proton orbitals have been assumed to be (1d5/2,
1d5/2) and (1dg/5; 1d5/,) for the ground state and the first
excited state in °BA1, The other parameters compiled in
table 1 were applied. In reviewing the results obtained for
the pg and pﬁ group following conclusions can be drawn:

i) generally, the (n,p4) cross sections are higher in mag-
nitude than the (n,po) reaction (fig. 5);

ii) no other higher order proton transitions have been calcu-
lated because any comparison to experimental angular
distributions is speculative by scarce data /15/.

iii) Adding a statistical reaction contribution of about
0.5 mb / sr to the absolutely calculated knock-out cross
section for (n,po) and (n,p1) at 14 MeV a consistent with
experimental data description was achieved (fig. 7). This
value is in good agreement with a contribution of 0.4 mb/
sr found by Agodi /33/.

3.3, Combarison of experimental and theoretical resulis

Although clear evidence for direct reaction contributions at
least for proton transitions leaving the residual nucleus 28)1

in the lowestlying states can be concluded from measurement
/15/ these effects are far from being explained by nuclear
theory consistently. The interpretation of angular distribution
of b, and p4 transitions at 14 MeV is very encouraging assuming
an incoherent superposition of a statistical component and e
direct knock-out reaction contribution. But no experiments are
available at present giving any reliable substance for an ex-
tension of this formalism to other proton groups at energies
above 14 eV,
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From the point of data accuracy achieved this may Be a. striking
disadvantage. All data known can be well interpreted within the
error limits in terms of the statistical model as can be seen
in figs. 4 to 8. However, to improve our knowledge on direct
(n,p) processes more accurate data should be aquisited.

Pinally some conclusions concerning recommended data can be
noted: '

i) total excitation function 2851(n,9)28Ai

Figure 4 demonstrates that recommended data by ENDF/B-IV and

ENDL have been confirmed to be reliable. No significant changes
must be applied. UKNDL and SAND-II evaluations should be exclu-
ded.

ii) peartial excitation functions 28Si(n,pi)28A1

Only ENDF/B-IV recommends data of partial excitation functions
for 15 transitions to resolved final states. From the experi-
mental point of view, there is no real new evidence for a neces-
sary change in the data included in ENDF/B-IV., Above roughly

18 MeV the data calculated by statistical model only should be
used with caution because direct contributions may be consider-
able (fig, 5) at least for the transitions to lowest-lying
levels in 28Al. This results in an intercept of the steep descdnt
of the excitation functions included in evaluations up to now.

iii) angular distributions of protons

Using the insufficient experimental data base it may be reason-
able concluded the symmetry of angulaer distributions for proton

transitions leaving the final nucleus in low-lying states at
least up to an energy of about 10 MeV. Above 10 MeV more know-
ledge on the asymmetric behaviour of angular distributions should
really be included in evaluated data files at least for P, and P,
transitions. On the other hand, proton transitions leading to
higher-excited states in 28a1 may be assumed to be isotropic in
agreement with approaches commonly used, '

15



iv) proton emission spectra from 28Si+n

The inclusion of proton spectra in evaluated data files may be
proposed here. No evaluations are known but from theoretical
points of view these date can be obteined with rather good con-
fidence by statistical model calculations in the whole energy
range taking into account protons from (n,pn) also (fig. 8).

v) (n,p) in natural Silicon

Considering the contributions of isotopes to natural Silicon
(%85i=92.21 %, 2951=4.70 %, 39Si=3.09 %) and the corresponding
Q-values of -3.85 MeV, -2.9 MeV and -7.7 MeV respectively it
may be obviously seen that the total Si(n,p) cross sections are
determined mainly by the isotope 288i within the limits of
experiments and evaluations. In reply on partial excitation
functions the situation is not so simple but normally contri-
butions from proton transitions to resolved states in 29Al and
3oAl will be neglected in total. In other case they must be
estimated by nuclear theory only because of absence of any ex-
perimental result.

4. 48si(n,a)27a1

. 4,1. Review of experimental data base

Because informations are lacking the (n,d) reaction appears to
be the one of most uncertain neutron-induced reaction in 2BSi.

Only relative and very scarce experimental data exist for par-
tial excitation functions (n,do) and (n,d1+d2) done by Bohne /37/
from 16 to 22 MeV (see figs. 10 and 11). Further, at 21.3 MeV a
relative angular distribution measurement for first 6 deuteron
groups has been obtained by these authors also. Bharut-Ram et

al. /20/ reported on measured angular distributions of (n,do)

and (n,d1+d2) giving point for normalization of angular distri-
butions at 21.6 MeV (figs. 12 to 16).

No measurements are available on the total excitation function
because the activation technique is not applicable by the reason

16



of stable residual nucleus 27Al. Also total deuteron spectra
havn't been obtained up to now because of the complexity of the
emission spectra (see discussion in section 3.1.).
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So, in the most developed recommended date file ENDF/B-IV the
total excitation function is included. The aim of this investi-

gation is an elucidation of our knowledge of neutron-induced
deuteron emission in Si.

Bohne's measurements /37/ may be normalized using the cross sec-
tion of the (n,o) trensition at 21.6 MeV to have & velue of
2.3¥0.4 mb /20/. Such a value is really substantieted by abso-
lute measurements as will be referred in section 5.1. A scaling
factor of 0.0068%0,0005 for angular distributions and 7.5%0.5
for partial excitation functions can be deduced from this.
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In figs. 10 and 11 all normalized experimental informations on
partial excitation functions have been summarized, whereas figs.

12 to 16 show angular distributions of several separated (or

grouped) deuteron transitions leaving the residual nucleus 27A1

in the ground state or the lowest-lying excited sgtates.
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4.2, Interpretation of experimental data in terms of reaction
model calculations

4.,2.1. Statistical model application

Because of the vefy high Q-value of -9.36 MeV a simple applica-
tion of the Heauser-Feghbach formalism is forbidden. ELIESE-III

cannot handle such a lot of discrete levels to yield a correct
normalization. To have an estimation of the statistical model
prediction for deuteron angulat distributions the & -decay
channels had to be excluded in favour of deuteron transitions to
low-lying states in 27A1. This error should be corrected for by
a re-adjustment (factor less than 1) afterwards. Angle-integra-
ted cross sections for partial and total excitation functions
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have been obtained applying the code STAPRE by a proper choice
of nuclear level densities (see table 2) and-a matching to
ELTIESE's results around 14 MeV,.

All statistical model calculations have been included in figs.
10 to 16 demonstrating clearly that several transitions proceed
via direct reaction mechenism mainly.

4,2,2., Interpretation of 28Si(n,d) in terms of a p-pick-up
process

It is a well-established fact that (nucleon, d) reactions pro-

ceed via a pick-up process taking a nucleon from the target
nucleus. This mechanism is well understood in terms of DWBA for-
malism using a parameter depending on spin coupling conditions
in the transition under investigation:

exp _ DWBA
Sma, BT =8 B (B,").

These spectroscopic factors Si may be extracted by fitting angu-
lar distributions of deuteron transitions between resolved states
in the target and final nucleus. All calculations have been

~ carried out by code DWUCK /35, 36/. Optical potentials compiled
in table 1 were taken from Bohne /37/. In any case the analysis
ghould start from other potentials than those applied in the
statistical model investigation. Generally, a smaller imaginary
well depth is the most striking feature of such direct reaction
optical potentials,

By this way, experimental angular distributions for the first

6 deuteron transitions /37/ at 21.3 MeV have been analysed after
a proper normalization relativ to the (n,OCO) cross section at
21.3 MeV,., Of course, taking a small contribution from statisti-
cal reaction mechanism added incoherently slightly different
spectroscopic factors can be extracted. For transitions to
higher-lying states in 27A1 only a very limited angle range from
0° to about 60° is available for the fitting procedure.
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Therefore, the values Si found here may not be determined
unambigously.

Comparing these results with calculated spectroscopic factors
/38/ and with other ones deduced from different experiments
/39, 40/ the general agreement is very fair.

The rather good DWBA approximations indicate a really small com-
pound nucleus contribution for the lowest states in 27Al, which
will increase with decreasing energy of emitted deuterons as
well as with neutron incident energies. This is shown in table 4.

Proceeding from this concept the parameters fixed at 21.3 MeV
have been used to predict the direct reaction contributions to
partial excitation functions and angular distributions.

A superposition of direct and statistical components of partial
and differential data yields reasonable results for the excita-

tion functions (n.do) and (n,d,+d,) (see figs. 10 and 11). This
lookes like a consistency test of the parameters applied.

4,3. Conclusions from the theoretical 1nterpretat10n of
2881(nld) cross sections

Only a rather small data base is available for the analysis in
terms of nuclear theory. Nevertheless, at least at 21.3 MeV a
consistent picture of partial cross sections can be achieved.
This is the starting point to predict a lot of unobserved data
for 28Si(n,d). This has been done in the present work leading
to following recommendations:

i) total excitation function 28Si(n,d)27A1

is shown in fig. 17 and should be quoted especially because of
the important deviations from other evaluations.
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ii) peartial excitation functions 28Si(n,di)27Al

have been calculated up to thefsixth deuteron group. No other
data have been recommended up to now in any evaluated data file,

iii) angular distributions of deuterons

as is shown in figs. 12 to 16 strongly asymmetric angular distri-
butions for the lowest deuteron groups can be expected. With
increasing excitation energy of the finsl gtate the angular
dependences will be more symmetric and isotropic finally. Calcu-
lations have been carried out for the first time in the present
work.

28

iv) deuteron spectra from “~Si+n

have been calculated for deuteron transitions to the level con-
tinuum in the residual nucleus 27A1. No comparison with experi-
ments and other evaluations can be done,
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v) (n,d) cross sections in natural Silicon

The reaction thresholds for 2°Si (n,d) (Q=-10.1 MeV) and
30Si(n,d) (Q=-11.3 MeV) guarantee that the Si(n,d) cross sec-

tions may be mainly determined by the reactions on the isotope

288i within the confidence of all experiments and methods known

at present,

Se Si(n,OC)

5.1+ Review of the experimental data base

To evaluate Si(n,%) cross sections contributions from 2881(n,ﬂ9
may be the most important ones but, because of the very low
threshold of -0.036 MeV the 2°Si(n,«)%4Mg reaction should be
taken into account up to neutron energies of about 6 MeV at least.
Therefore, in this paper 2881(n,d3 and 2981(n,a9 had been studied
gimul taneously.

Preliminary results for 2881(n,oﬁ have been reviewed formerly
/41/. Referring to this publication the experimental data base

may be characterized as follows:

i) scarce informations on the totel 288i(n,u9 excitation func-

tion above 7 MeV because of unknown contributions from
< -particle transitions leading to highly excited states in

25g (see fig. 18).

The activation method can't be aepplied.Therefore all measu-
rements /42 to 45/ are basing on X-particle spectroscopy.

A value of the (n,x)-systematics at 14 MeV has also been
included /46/.

ii) rather good knowledge on partial excitation functions for
the population of the lowest five final states in 25Mg in

the energy range of interest (see figs. 19 to 23).

Several authors had obtained absolute data in a wide energy
range and with high energy resolution /42, 43, 47, 48, 49,

50, 51/.
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The typical fluctuating structure in the excitation functions
can be seen originating from an intermediate level structure

in 29Si.

In other cases single data :points. have also been used obtained
from /15, 20, 52, 53, 54, 55, 56/. They have been included in
the present analysis with only two exceptions /55, 56/ because
of gtringent deviations from a nearly consistent data base. In
this frame also relative measurements published by Bohne /37/

for 2BSi(n,1X°) could be normalized with high degree of confi-

dence,

iii) scarce and contradictory experimental results on angular
distributions of the first fewol-particle groups at
14 HeV /15, 16, 54, 57/ (figs. 24 to 27) and for 285i(n,e)
at 21.3 MeV /37/ shown in fig. 28.
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iv) no reliable X -particle spectra can be obtained. Only one

experiment at 14 MeV /54/ shown in fig. 29 in an absolute
scale has been published. In several papers relative spec-
tra in an unnormalizable scale (counts per channel) have

been cited /49, 58/.
If we are looking for 29Si(n,OCi)ZGMg reactions and their relati-
ve contribution to a "sub-threshold" cross section background we
must rake into account the excitation functions 2981 (n,ub) and

29Si(n,0<'1) at least. Searching the relevant data a reasonable
amount of experimental informations can be found.
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26Mg is also a stable nucleus only direct

measurements using &-particle spectroscopy may be applied. The
partial excitation function 2931(n,o%) is fairly well established
from threshold up to 20 MeV by several experimentalists /50, 51,
52, 58, 59, 60, 61/ (see fig. 30). In good agreement an inter-
mediate structure geen in the excitation functions is reproduced
by several authors /42, 59, 60, 62, 63/. Such structures arise
from a relatively low nuclear level density in 30

By the reason that

Si in this range

of excitation energy under consideration. An estimation at

14 MeV excitation energy yields a value of < TI 7 2 10 keV and
<Dy~ 50 keV /59/.

From this difficulties in the theoretical interpretation of ex-
perimental data can be expected.
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a few data are available on 29$i(n,<x1) partial cross sec-
(fig. 31). Absolute data obtained by /51, 52, 61/ must be

combined with re-normalized relative measurements from /42, 63/

Only
tion

applying scaling factors derived from the normelization proce-
dure in (n, di) cross sections. Partial cross sections for OC -par-
ticle tran51t10ns to higher excited states in 26Mg have not been
reported elsewhere.

Extremly incomplete experience we have on-particle angular'
distributions also., There exist only measurements for 29Si(n,°<.’b)

) at 5.85 MeV by Foroughi /61/ (figs. 32 and 33). The
data show strong forward peaked asymmetric distridbutions which

end (n,
are in disagreement with general trends observed in 28Si(n,OCO)
and (n,oq) at least at this low neutron incident energy (compare

figs. 24 and 25).
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So it seems necessary to apply nuclear theory to clear this con-

fusing situation.
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5.2, Theoretical investigation of (n,x) processes in
2831 and 29si

Se2e1. Statistical model calculations

In both target nuclei the (n,qb)-threshold is low enough to have
to teken a reasonable part of the level schema of the residual

nuclei into account., So all calculations done by the code ELIESE-
IIT are relisble up to an energy in the order of 10 MeV without
any adjustment using parameters compiled in tables 1. Above that
energy statistical model calculations have been continued by
STAPRE adjusting level density parameters (table 2) and matching
the results for partial excitetion functions at about 10 MeV.
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By such a method partial excitation functions for 285i(n,00 and
2981(n,00 have been obtained interpreting the experimental data

base fairly well. Striking difficulties mainly arise from two
aspects:

i) derivation of smooth experimental data from an averaging
over the intermediate structure of the excitation func-
tions;

ii) contributions from other than compound nuclear reaction
mechanisms to excitation functions and angular distribu-
tions.

For both, examples will demonstrate that

i) it will never be possible to confirm Foroughi's measurements
/61/ of 29Si(n,°%) cross sections in absolute magnitude.
The experiments are greater by a factor of roughly 3.8 also.
seen in the angular distribution (fig. 32);

ii) at high neutron incident energies the partial excitation

functions show tails (figs. 19 to 23) and the angular dis-
tributions indicate also the appearence of direct reaction
contributions (fig. 27) clearly.

5.2.2. Direct reaction model calculations

Previous studies of direct reaction contributions to (n,x) reac-
tion on 28si start from knock-on processes /64/ or heavy-par-
ticle-stripping /65/ to explain a backward peaked anguler distri-
bution found experimentally by two authors /54, 57/ at fi MeV
using nuclear emulsion techniques., Later on, in contradiction

to those measurements more recent experiments give strong evi-
dence for foreward peaked angular distributions /15, 37/.

Following a systematics reviewed by Turkiewicz /66/ the medium
weight nucleus Si should exhibit direct reaction modes proceed
via & pick-up process of 3He-clusters. To investigate such a
direct reaction calculations have been done in a zero-range-
DWBA (ZRDWBA) using the code DWUCK /35, 36/.
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As most problematic point the choice of optical potentials in
the entrance and exit chennels has turned out influencing
strongly the structure and normalization of angular distribu-
tions. Well established potential parameters compiled in table 1
have been used. The bound state wave functions for the 3He-
cluster were calculated as eigenfunctions of a real Woods-Sexon
potential well with a depth adjusted to fit the separation
energy of 3He from target nucleus,

Superimposing the statistical component and the normalized by

a factor direct reaction contribution angular distributions of

& -particles leading to the ground state of 25Mg ag well as the
first four excited states in 25Mg-have been calculated. The fitted
gspectroscopic factors are compiled in table 5. No other compa-
reble spectroscopic factors concerning the 2881(n,°025Mg reac-
tion are known from experiment or theory.

An analogous procedure could not be carried out for 2981(n,u926Mg
because of the insufficient data baese available at present,

Therefore spectroscopic factors calculated by Meurders /38/ for

the reaction 26Mg(p,d)25Mg have been adopted and used for compa-
rison. The application of these values yield results which don't

violate the experimental date as well as the principles of fun-
damental understanding of physics (see table 6),

From this point of view the suspect is hardened ageinst strongly
forward-peaked angular distributions found by some authors at
lower neutron incident energies /15, 161/. Also 0ld measurements
yielding a pronounced backward scattering of o¢-particles /54,
57/ should be deleted by the same arguments. Further evidence
for this decision comes from an really independent investigation
concerning the profiles of (n,x) lines observed in Si-detectors
irradiated with fast neutrons /67/ also indicating forward-
peaked angular distributions., |

Finally it should be gstated that a study of Si(n,®) reaction in
terms of knock-out mechanism may be interesting for further
elucidation of the data base.
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5.3. Conclusions for cross section recommendations of Si(n,x)

All data compiled and interpreted in the present paper will be
compared to the best and most comprehensive recommended data

file availeble at present (ENDF/B-IV, file 1194).
Following results had been found for:

i) total excitation function Si(n,¥)

a remarksble lowering of (n,X) cross sections above 10 MeV in
comparison to ENDF/B (fig. 18).

ii) partial excitation functions Si(n,04)

small corrections may be indicated for 288i(n,ab) (fig. 19).
Partial excivation functions of the first three X -particle

groups of 29Si(n,ai) weighted according to the relative amount
of 29Si to the natural Silicon have been added.

iii) angular distributions of &¢-particles

above 15 MeV all angular diétributions of X -particle transitions
to the lowest-lying excited states in 25Mg exhibit clearly asym-

metric components which should be corrected for in MAT 1194.

This effect is really smaller in 26Mg understandable also from
nuclear structure points of view,

iv) o¢-particle specira

can be calculated to a reasonable accuracy by the statistical
model and should therefore be included in recommended nuclear
data files for use in near term future. Comparing theoretical
results with experimental ones obtained et 14 MeV by Forti /54/
a gignificant shift in the calibration of o€ -particle energy
scale can be seen (fig. 29). A wrong assignment of &(-groups may
be the reason for Forti's observetion of backWard—peaked angular

distributions of the X-groups from X, to oc4.
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v) cross sections for natural Silicon

may be the same as for 285i(n,X) within the limits of confidence
of evaluation methods with only the exception of a small "back-

ground" contribution below 6 MeV resulting from excitation

functions 29Si(n,O(o) and 29Si(n,061) weighted according their
amount to the netural isotopic composition.

6. Evaluation of other gas-production cross sectiong in Si

6.1, Si(n,t) and Si(n,BHe) reactions

6.1.1. Review of experimental data base

The argument that exotic reactions may be small enough to be
negligable holds true for not too light nuclei only.

Although the experimental techniques have been developed during
the past years, however, the reactions studied here are relati-
vely difficult to measure /68/. Generally, informations can be
found from systematics and phenomenological formulae describing
data trends and isotopic effects in terms of an asymmetry para-
meter (N-Z)/A mainly in the mass fange A >30 and for atomic
numbers 7 > 20,

So, in the case of 2881 a simple extrapolation to a asymmetry
perameter value 0,0 will yield doubtful results.

Using such formulee reported by Qeim /68/ for (n,t) and (n,BHe)
at 14.6 MeV following values can be estimated for 2831:

6;4t(14.6 MeV) =~ 0.074 mb

and
', 3 (146 MeV) & 0.0088 mb.

Studies of these reactions at an averaged neutron incident ener-
gy of about 30 MeV (produced by 53 MeV-Deuteron break up on 9Be-
targets) carried out by ‘Qaim also /69/ using tritium counting
techniques yields

6n,t(30 MeV) = (3.5%1) mb,
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Recently measurements on the (n,3He) reaction at high incident
neutron energies have been done by Qaim /70/ giving a 3He to

4He emission cross section ratio in dependence on the target ato-
mic number. For Z=14 a value of

Sn, JHe(30 MeV) = 0.075 &_ _ (30 MeV)

can be deduced.

The experimental situation is compiled in fig. 34.
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6.1.2. Reaction model predictions

The mechanisms of neutron induced (n,t) and (n,BHe) reaction in
the medium mass region are as yet not well understood. From
angular distributions of tritons emitted in (n,t) on light mass
nuclei could be shown that this reaction proceeds via a direct
reaction mechanism like a deuteron-pick-up.
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The very small cross section arise from the competition between
an emigsion of a bound triton which is less favoured than the
emisgsion of three unbound nucleons,

From the observation of the ratio of 3He relative to 4He emis-
sion /70/ a favoured emission of a bound 3He_partic1e over the
emission of three single nucleons may be indicated.

Therefore, both reactions may be assumed to show gignificant
contributions from statisticel model and direct mechanisms wha.
are increasing with increasing neutron incident energy. Unfor-
tunatly, no angular distribution is available for a study of

the gituation discussed., Further also no well-established triton
and He optical potential parameters in the mass and excitation
energy range needed here could be found /25/. From these aspects
no model calculations have been done neither in the Hauser-

Feshbach model nor in any sophisticated particle-transfer model
for Si in the present work. On the other hand, calculations of

the excitation functions of 28Si(n,3He) and 27Al(n,t) were done
by Qaim et al. /71/ in terms of statistical model only.

The recommended data shown in fig. 34 are basing on a speculative
evaluation of scarce and uncertain informations.,

6.2. Si(n,n'p) and Si(n,n'®) reactions

6.2.1. Review of experimental data base

It has been shown by Qaim /72/ that contributions of (n,n'p) and
(n,n'sC ) reactions are not negligable at least above 14 MeV and
attention should be given to this cross gections in gas-produc-
tion calculations,.

Measurements are difficult and using activation technique only
the sum of (n,d) + (n,n'p) + (n,pn) can be obtained. On the
other hand by a proton spectroscopy the observed proton spectra
have to be convoluted by means of theoretical analysis of energy
and angular distributions of the emitted protons. Therefore this
method has not been applied so far,
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Any information for Si can only be gotten from data systematics.

At mass number A >30 the (n,d) cross section is small compared
to the sum (n,d) + (n,n'p) + (n,pn). The 2881 (n,d) reaction

cross section at 14 MeV recommended in this paper fits well the
systematics given in /68/ extrapolating to an asymmetry parame-
ter (N-Z)/A=0. Unfortunately this systematics don't allow any

decisive conclusion on the sum cross section at zero esymmetry
but a velue 6 + & in the order of 300 to 400 mb can

n,n'p n,pn
be expected really at 14 MeV.

From other authors an estimated sum cross section <&

’ n,d+n'p+pn.z
70030 mb at 14.4 MeV is quoted /73/.

28-SI(N,XN YP) 28-S (N, XNY ALPHA)
CROSS SECTION CROSS SECTION
{MBARN) {MBARN]
T Ié T T T 1 T ! | | P 1 1 1

- {N,N ALPHA)
”~

et TIT -
d s -~

-’..

100. - (N,ALPHA N)

100. i~

N,N ALPHA|

(N, ALPHA)

= ENDF/8 - IV
~——H-F SUM(N,NP.PN) [~ -
1o b B = ENDF/B -1V
= H.F SUM
N,D+NP. PN} | .
O  WEN DE LU{SYSTEMATICS) 10. (NNALPHA-ALPHANY
- ®  WEN DE LUIEMPIRICALIN,PN)  _|
O WEN DE LU (EMPIRICALI[N,NP) A Qe tSYSTEMATICS)
8 BYCHKOVEMPIRICAL) (N, NP} = ' —
A 1 | | 1 1 1 1 1 ok 1 1 1 1 1 | 1 1
12 1% 16 18 20 22 24 26 12 1% 16 18 20 22 13 26
ENERGY [MEV] ENERGY (MEV]
Fig. 35 Fig. 36

As far as the (n,n'cl) reaction is recommended the activation
technique yields more reliable informations because contribu-
tions from different disturbing reactions (mainly (n,X)) cen be
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separated by .radiochemical. methods.

In the case of 28

Si no measurements can be carried’out because
of stable residual nuclei, So we heve to rely upon systematics
also for an estimate of 6£ o * Using a compilation given by
’

Qaim /68/ a contribution of about 10 to 15 % of the (n,® ) cross
gsection at 14 MeV can be assumed to yield

14.7 MeV) &~ 20%10 mb.

Sy i (1447 HeT)

All informations have been summarized in fig. 36. Most recently
a preliminary result for total X -production cross section at
14 .8 MeV has been reported /74/. The value of 218%11 mb compares

reasonable well with our recommendation of about 184 mb.

6.2.2. Reaction model predictions

Although some systematical investigations have been made to cal-
culate (n,n'p) cross sections using the statistical model incor-
porating precompound effects for medium masse nuclei /75/

any conclusion drawn from this to more light nuclei should be
taken with caution,

The sequential emission of two or more nucleons in which one of
them is a charged particle is not well understood at present.
Generally, if the proton binding energy is smaller than that of

the neutron the emission of protons is more probable than a
neutron emission resulfing in enhanced (n,n'p) cross section to

the debit of (n,2n) processes. This should hold true especially

in the 283i because of a very high (n,2n) threshold of Q=-17.2 MeV.

Calculations of (n,pn), (n,n'p), (n,xn) and (n,n'c) reaction
cross sections were carried out using the code STAPRE, Results
obtained mayx be, at all, speculative partly. Due to a total lack
of experimental informations concerning excitation functions the
adjustment of parameters is at least partially not substantiated
by objective criteria.

The values given in figs. 35 and 36 may be regarded as recommen-

dations basing on our best knowledge in nuclear data at present.
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7. Summary

Our knowledge on cross sections for neutron-induced gas-produc-
tion in Si is not very well established in all quantities from
experiments and theoretical understanding.

On the other hand much more and more accurate data of these

processes will be needed in future for fusion reactor material
tests and other applied purposes.

Therefore, the present work was aimed to study the situation
baging on most recent experiments and theoretical nuclear

reaction models. A consistent intérpretation of all informations
could be achieved in most of the data quantities under investiga-
tion resulting in recommendations for the improvement of eva-
luated nuclear data files available for users.

Nevertheless, further investigations of low-yield nuclear reac-
tions as well as angular distributions and spectra of emitted
charged particles should be demanded with high priority.
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Table 1: Opticel potential parameters used in the statistical
model (SM) end DWBA calculations. The potential depth
are in MeV, the diffuseness and radius parameter in
fm. The potential form factors are of Woods-Saxon and
Woods-Saxon derivative respectively.

Nucleus. real part imaginary spin- | references/
orbit | remarks
part

VooTy 4y W Tw &y Vso
28, S152.0 1.15 0,78 |12.1  1.25 0.47 9.0 /24/
1
* 40.0 1.45 0,35 | 8.8 1.45 0,35 - /34/(n,p)
" = 140.8 1.30 0.66 | 5,0 1.26 0.48 6.0 /37/(n,d)
% 5200 1.15 0078 O.6 E 1.25 0047 409 P (n,d-)
28,, |8 (52.0 1.15 0.78 [12.1 1.25 0,47 | 9.0 | /24/
+
p < |40.4 1,45 0.19 | 9.2 1.45 0.19 - /34/(n,p4)
& [40.4 1.45 0.19 | 8.2 1.45 0.19 - /34/(n,p4)
254g | % |51.2 1.694 0.585|11.13 1.694 0.585 - /25/
. .
% .
2Tp1 | (8440 1.25 0.77 | 6.2 1.28 0.65 6.0 | /37/
+
T |xls4.01.25 0.77 | 6.2 1.28 0.65 | 6.0 | /37/
A
29%: |=152.0 1.15 0.78 |12.1 1.25 0.47 9.0 /24/
Si N
-+
n <152.0 1.15 0.78 [0.6 E 1.25 0.47 9.0 /24/
A
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24yg | = |[51.2 1.694 0.585 [ 8.8 1.694 0.585 - /25/
+
oo | &[51.2 1.694 0.585 |8.8 1.694 0.585 - /25/
A
Table 2: Level density parameters used in statistical model
de STAPRE = I
code (8 eff/Irigid)
Nucleus ﬁév__1 @ AMéV references
27 s
Si 4.5 1.0 =2.5 /23/, /32/
28
Si 4.0 1.0 +1.0 /237, /32/
2954 3.5 1.0 +5,0 /28/
0
’ Si 3.5 1.0 +1.5 /28/
27Al 300 100 ‘200 /28/
28,1 4.0 1.0 -4.0 /23/, /32/
24Mg 3.0 1.0 +2.0 /28/
g 4.5 1.0 2.5 /23/, /32/
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Table 3: Speotrogcopic factors S deduced from proton-pick-up processes
in 2834 exciting lowest-lying states in 27a1

Level |Excitation | I 2851 (n,d,)° AL 2831(a,7)%"m1
no. energy/MeV S(absolute) S (relative) S (relative)
this work /38/ this work /37/ /39/ /40/

0 0.0 5/2% 2.16 5.5 1.0 1.0 1.0 1.0
1 0.8431 1/2% 3.20 1,00 1.48 0.34 0.25 0.13
2 1,010 372" 1.25 0,90 0.58 0.18 0.24 0.15
3 2,209 7/2% 0.25 - 0.12 0.11 - <0.,11

5 2.980 372t 0.23 ~0.5 0.11 £0.18 <0,08 | <0.1
6 3,001 9/2% 0439 - 0.18 <0411 - £0.16




Table 4: Direct reaction contributions to 8Si(n,di) cross
sections (in percents)
Neutron deuteron group i
energy/MeV d, d, do dq dy dg d¢
21.3 65 60 43 35 25 27 34

Table 5: Spectroscopic factors S deduced from 3He-pick-up
reaction calculations on 28

Si exciting the lowest-

lying levels in ZSMB
28_ . 25
Level |Excitation 1™ Sl(n:“ﬁ) Mg
no. energy/MeV S (absolute) S (relative)
this work /38/ this work /38/
0 0.0 5/2% 0.04 2.0 1.0 1.0
1 0.59 1/2% 0,007 0.11 0.175 0.055
2 0.97 3/2* 0.005 0.08 0.125 0.04
3 1,61 7/2% 0,007 - 0,175 -
4 1.91 5/2% 0,01 0415 0.25 0.075
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Table 6: Direct reaction contributions to 2831(n,xi) and

298i(n,di) cross sections (in percents)

Target Neutron ct-particle group i| Model Refe-
nucleus energy/MeV | o ol o oL, X rences
o) 1 2 3 174
33 17 | 11 | 11 | 12 PHe-pick-up | this
~14 work
65 49 Heary-part.-| /65/
28 strip.
Si
21.3 78 - - - - 3He-pick-up this
work
294 3 . .
Si 5.85 ~0.5(~0.2 - - - |"He-pick=-up this
work
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Figure captions

Pige. 1 Excitetion function for Si(n,p). Comparison of
evaluated date recommended by several neutron
nuclear data libraries.

Fig., 2 Same as fig. 1 for Si(n,d).

Pig. 3 Same as fig. 1 for Si(n,X).

Fig., 4 Excitation function for 28Si(n,p). Comparison of
experimental data, evaluated data for ENDF/B-IV and
calculated ones by the present work (H-F).

Fig. 5 Excitation function for 2881(n,po+g1). Calculations
by the present work (H-F and DWBA) are compared to
experimental data and evaluasted ones by ENDF/B-IV,

Fig. 6 Angular distributions of the proton groups PotPy.
from °8si(n,p) at ebout 9 MeV. Calculated results
(H-F end DWBA) are compared to experimental ones.

Fig. 7 Seme es fig. 6 at 14 MeV.

Fig. 8 Proton emission spectrum from Si(n,p) at 21.6 MeV
neutron incident energy. Statisticel model calcula-
tions (H-F) are compared with experimental ones.

Fig. 9 Resonance structure obsérved in Si+n total, elastic
and inelastic scattering cross sections from 1 to
3.5 MeV. Experimental data obtained by Cierjacks /21/
( G;HQ. Schouky /22/ ( 6£,n) and Sullivan (Hucl,
Science Eng. 70 (1979) 294) ( 6;,n1) are compared
with theoreticel calculations (solid lines) in terms
of optical model and Hauser-Feshbach-model.

Fige 10 Excitation function for 2BSi(n,do). Calculations in
terms of statistical model (H-F) and direct reaction
(DWBA) are compared with experimentel data,

2

Fig. 11 Seme as in Fig. 10 for BSi(n,d1+d2).
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Fig.

Fig.
Fig,
Fige
Fig.

Fig.

Fig.

Fig.

Fig (]
Fig,
Fig.
FPig.

Fig.

Fig.
Fig.

12

13
14
15
16

17

18

25

Angular distribution of the deuteron trensition d
from 2881(11 d) at 21.3 MeV neutron incident energy.
Calculated results in terms of statisticel model
(H-F) and direct reaction model (DWBA) are compared
with experimental data.

. Same &s in fig. 12 for deuteron groups 4, +d

17 72°
Same as in fig. 12 for deuteron group d3.
4.
Same as in fig. 12 for deuteron groups d5+d6.

Seme as in fig. 12 for_deuteron group 4

Excitation function for 28Si(n,d). Calculations by -
present work (H-F) are compared with ENDF/B-IV,

Excitation function for ZBSi(n;u). Experimental
data are compared with calculations by present work

- (H-F) and previous evalustions (ENDF/B-IV),

Excitation function for 288i(n,060). Experimental
data are compared with calculated results obtained
by statistical model (H-F) and direct reaction model
(DWBA) as well as evaluated data by ENDF/B-IV.

Seme as in fig., 19 for 28si(n, ).

Same as in fig. 19 for -2BSi(n,C¢2).
Seme as in fig. 19 for 2881(n,°¢3).

Same as in fig. 19 for 2BSi(n,‘x2).

Angular distribution of the % -particle transition
¢y from 288i(n;°¢) at 14 MeV neutron incident
energy. Calculated results in terms of statistical
model (H-F) and direct reaction model (DWBA) are
compared with experimental data,

Same as in fig. 24 for C¥2—transition.

Same as in fig. 24 for OCB-transition.
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Fige.

Fig.

Fig.

Fig.

Fig.

Fig,

Fig .
Pig,

Fig.

Fige

31

33

35

Seme as in fig. 24 for & —transition.

4

Seme as in fig. 24 for DCO-transition at 21.3 MeV
neutron incident energy.,

& -particle emission spectrum from 2BSi(n,oc) at

14,8 MeV neutron incident energy. Calculated results
are compared with experimental data.

Excitation function for 29Si(n,0¢o). Calculations
in terms of statistical model (H-F) and direct
reaction model (DWBA) are compared with experimental
data.

Same &s in fig. 30 for 29Si(n,oc1).

Angular distribution of & -particle transition OC
from 29S:L(n,DO at 5.85 MeV neutron incident
energy. Calculated results (H-F, DWBA) are compared
with experimental data,

Same as in fig. 32 for & -transition.

1

Excitation functions for neutron-induced production
of deuterons, tritons, and X -particles in 2851.
Calculations (H-F) are compared with evaluations and

experimental results,
Same as in fig. 34 for 28Si(n,n'p) -and 2851(n,pn).

28

Same as in fig. 34 for Si(n,n'®) and 2BSi(n;xn).
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