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Light charged-particle production from neutron bombardment of silicon up to 60 MeV:
Role of level densities and isospin
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Inclusive light charged-particle emission spectra and cross sections from neutron bombardment of silicon
were measured at 30°, 60°, 90°, and 135° over the neutron energy range from threshold to approximately 60
MeV. Source neutrons, continuous in energy, were provided by the spallation neutron source of the Los
Alamos Weapons Neutron Research facility. Comparisons of our alpha-particle data with Hauser-Feshbach
calculations, which include multistage emission processes and preequilibrium particle emission, indicate that
the majority of alpha particles result from compound nuclear reactions. For proton and deuteron emission,
direct and preequilibrium processes contribute significantly to the emission cross section. These data provide
rigorous tests for the calculations while helping to guide the selection of input parameters such as nuclear level
densities. The effects of assuming partial or complete isospin conservation are shown to be important for these
reactions[S0556-28189)02012-9
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[. INTRODUCTION (n,n"p) and (h,n’ @) lead also to stable residual nuclei. To-
tal charged-particle production can be measured using mass

An increased understanding of neutron-induced chargedspectrometry techniques, but these require monoenergetic
particle producing reactions on silicon is important not onlySources which are usually not of sufficient intensity except at
for basic physics but also for applications. The cross sect4 MeV. Thus, the only practical means to measure charged

tions, angular distributions, and spectra can constrain nuclez&“ﬁj‘r.t'cle.S produceq by heutron bombardment over a range in
: . . S fprolecnle energy is by direct measurement of the emitted
model calculations in a region where a significant body o

. . . X particles.
complementary information exists. Information on nuclear” 1o present measurements extend from threshold to 50

level densities and on the role of isospin conservation cafey (and to 60 MeV for alpha particlegsa much wider
therefore be derived and compared with previously obtaine@nergy range than in previous works. They therefore provide
systematics and with theoretical models. Silicon is also oinformation on the reaction mechanisms involved and their
great applied interest in the semiconductor industry and ilependences on the projectile’s incident energy. The present
detectors for physics experiments. Neutron-induced reactiordata fill large regions where there were only fragmentary
have been known for many years to be responsible for prodata previously, such as between 15 and 50 MeV. Further-
ducing errors in semiconductor memorigl§ and, in fact, more, measurements of all of the light charged particles can
integral testing of computer components by neutron irradia_be used to test the predictive capability of model calculations
tions is now common2,3]. An understanding of the basic !N & more stringent manner. . _
interactions might lead to a better design of semiconductor  Pat@ on emission of light charged particles can provide

architectures which would be more resistant to radiatiori”formation on nuclear level densities through nuclear model
damage by neutrorg] calculations based on Hauser-Feshbach thEglrya formal-

Neutron-induced charged-particle producing reactions oﬁ.scm gﬁzcé'gég% ge]‘aaCt::%r:nEr()ouCr?c‘jssniscIVeYSISChNILT(\:/I%I;reIg\]/eelf(d)gzgi_-
Si have been studied previously, mostly for ngutron energm%es enter explicitly into the Hauser-Feshbach cross section
below 15 MeV, but recently also at selected higher energies

At : ¢ duction GAS] b d ormula. Information on nuclear level densities may be ob-
ow Energies, proton production | can bé measured 5inaq by studying the magnitude and shape of continuum
by activation methods for neutron energies where only th

‘ : - . ®harged-particle emission spectra within this well-defined
?Si(n,p)*°Al channel is open to proton emission. This tech-theoretical framework. Level densities of residual nuclei
. . 25 . . .
nique cannot be used for thé&Si(n,«)*Mg reaction since  populated through a specific reaction channel can be derived
the residual nucleus is stable. At higher bombarding enerfor excitation energies between the region of resolved levels
gies, many charged-particle producing channels such agnd the neutron binding energy. Information on the level
density in the target nucleus is also available from the
charged-particle production cross sections, since neutron
*Present address. NIST Radiation Interactions and Dosimetryemission (the competing channelis the dominant decay
100 Bureau Dr., Stop 8460, Gaithersburg, MD 20899. mode of the compound nucleus, and this latter process yields
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a residual nucleus which is the same as the target. In thighicker sample was used to obtain most of the proton and all
case the average excitation energy reached is approximatedyj the deuteron data.

U=Ey— 2T [6], whereE, is the incident neutron energy and ~ The detector arrangement for these measurements con-
T the nuclear temperature B . sisted of four three-element telescopes located at 30°, 60°,

Most existing level density information has been obtained®0°» @nd 135° to the incident beam direction. For the present

from neutron resonance studies at or near the neutron bind2e2surements, we used two types of detector arrangements,

) g ! each consisting of three elements: The first element of the
Ing energy. Level den.smes for some quclldgs have been dG’E’elescope AE) consisted of either a thin-window low-
rived at higher energies from fluctuations in cross SECt'On?)ressure gas proportional counter, to detect low-energy alpha
analyzed by Encspn theory7,8]. Such results have 'been particles, or a thin£100 wm) silicon surface barrier detec-
obtained for nuclei formed as compound nuclei and includgor, Xenon gas at a typical pressure of 25 Torr was used in
2®Al [9], ?®Si[10], and *°Si [11}—nuclei particularly impor-  the proportional counters. Silicon surface barrier detectors,
tant in the present analysis. It is hoped that our program ta50 mn¥x 500 um, served as the second detector of the
measure 1, charged-particlecross sections on several tar- telescope §). These first two detectors operated in/sB-E

gets, combined with theoretical efforts, can help provide amode to measure protons up#a8 MeV and alpha particles
framework for a global level density prescription. up to ~33 MeV. Beyond these energies Cd) detectors,

In this paper, an experiment to measure inclusivecoupled to photodiodes, were used as the third elen@nt (
charged-particle production by neutrons on silicon is de-This arrangement allowed the detection of protons up to 50
scribed, and results are presented and compared with statileV, with the C and S detectors operating idA E-E mode.
tical and preequilibrium model calculations. For particles that stopped in ti®detectors, a clear identifi-
cation of allZ=1 andZ=2 particles was achieved when
silicon detectors were used as the first element of each tele-
scope. To detect low-energy particles such as protons below
4 MeV, proportional counters were used. These counters

Experimental data were obtained at the Weapons Neutrogave good separation betweZr-1 andZ=2 particles but
ResearclfWNR) facility of the Los Alamos Neutron Science not between protons and deuterons. Because deuteron pro-
Center(LANSCE) [12] in an experimental arrangement that duction cross sections are much sr_naller than those for pro-
was described genera”y in a previous reddm]_ On'y a t0nS, we assume- that all t}ZEFsl part|C|eS below 4 MeV are
brief description will be given here, and specific features ofProtons. Production ofH and *He was observed in the sili-
the present measurement will be emphasized. con AE-detector data to be much smaller than for the other

Source neutrons are produced by directing the 800 Me\?ydrogen and helium isotopes, and the present data on
proton beam from the LANSCE acceleratord 7 cmlong mass-3 isotopes is not otherwise useful here because of very

cylindrical tungsten target. The proton beam is bunched to gar%\ecsc‘)tr?ttilrfﬂgﬂlsu;:srrtalrs]tlisé'trum offers a distinct advantage
width of =200 ps, with a typical repetition rate of 35000 9y sp 9

. . ; . over a monoenergetic source since it allows emission cross
DUIS?S/S' Spallation reactions in the target result N the P'%ections to be measured over all neutron energies simulta-
_ductlon of several neutrons per bea“_" proton, yielding ar?1eous|y. Neutron energies were determined by time of flight
intense neutron spectrum continuous in energy from a fevy, o the 9123 m flight path. With a beam micropulse spac-
hundred keV up to several hundred MeV. A beam path at afy,q of 1.8 45, the frame overlap caused by neutrons from a
angle of 90° to the primary beam was chosen to provide thgevious beam burst occurs below 200 keV, much lower than
largest neutron flux below 60 MeV. A collimator system tne thresholds for{, charged-particlereactions or?®Si. All
restricted the beam dimensions at the sample position to fming signals were derived from th® detectors, and the
50X 50 mm square with 10 mm cut off each corner to give atime calibrations were performed using a commercial time
pattern appropriate to the circular targets oriented at 42° witlgalibrator. The overall time resolution of the system, inferred
respect to the beam. The collimated beam shape has be&om the width of the prompt gamma-ray peak, was deter-
reported previously14]. mined to be~3 ns. This gives rise to a neutron energy

The neutron-induced reactions took place in the previresolution of 100, 810, and 3210 keV at neutron energies of
ously described evacuated champs]. The distance from 5, 20, and 50 MeV, respectively.
the neutron source to the silicon sample was 9.123 m. A Energy calibration of thes detectors was accomplished
fission chamber containing ZU fission foil, used to moni- using a mixed??®2?oh alpha-particle source. The system
tor the neutron flux, was placed beyond the chamber at gesponse was observed to be extremely linear over the range
distance of 10.10 m from the source. in alpha calibration energies from4.9 to~ 8.8 MeV. While

Two sample foils of very different thickness, consisting of these calibrations are fairly routine for the silicon detectors,
natural silicon, were used in the experiment. Silicon is nearlythis is not the case for the G31) detectors. In principle, the
monoisotopic, comprised 92% &fSi. For the first set of alpha source could be used to calibrate thegTsldetectors
measurements, a thick foil with an areal density of 9.78as well. Their light output, however, is known to vary for
mg/cn? was used. This sample caused the alpha-particle detifferent charged-particle specigs5], and hence this cali-
tection threshold to be too high, and we subsequently obbration would only be valid for alpha particles. Also, since
tained a much thinner sample with an areal density of 0.32¢he response is nonlinear, use of the alpha source would re-
mg/cn?. This latter sample provided all of the alpha-particle sult in an invalid calibration at higher energies. Eventually it
data together with data at the lowest proton energies. Theas decided that the best technique for calibrating the-

II. EXPERIMENTAL PROCEDURE
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CsI(Tl) detectors would be to use the kinematics of the refeshbach compound nucleus theory to describe the decay of
actions on silicon and determine the end point energy of thequilibrated nuclei and the exciton model to describe the
emitted particle as a function of time of flight. To obtain the emission of higher-energy preequilibrium ejectiles in the
proper calibration energies, ejectile energies derived frongarly stage of the reaction. The Hauser-Feshbach calculation
reaction kinematics had to be corrected for energy loss in thgccounts for sequential multiparticle and gamma-ray decay
target(assuming the particles were produced halfway in thuntil secondary emission is complete and a residual nucleus
targey, the AE detector, and th&detector. Separate calibra- js |eft in its ground state. The emission of preequilibrium
tions for protons, deuterons, and alpha particles were oby|yster particlegalpha particles, deuterons, etaas calcu-
tained using this method. _ lated with the model of KalbackL8], which is based prima-

Jily on phase space considerations and includes a picku
and a detailed description will be given elsewhere. After am- y P P PIcKUp

lificati d shapina. th | Ise-heiaht sianal model for deuteron emission. Furthermore, multiparticle
piication and shaping, the analog pu'se-neignt signais werg, o, preequilibrium emission, which becomes important
digitized using FERA analog-to-digital converters. Timing

logic signals were processed with a FERA time digitizerabodveI 4fO|;5]9[1M9]eV incident energy, is included using the
module. Events were buffered to a FERA memory moduld"CCe! O RELLLIL. . -
The Hauser-Feshbach calculations depend sensitively on

and read out through a CAMAC data bus after every beam . ) ) ) - 7
macropulse. the input ingredients, i.e., level densities and transmission

Data acquisition, readout, and sorting were handled by thgoefficients from the optical model, which are described in
xsvs data acquisition systefii6] operating in event mode. detail below. Usually, these calculations do not include con-
An xsys event handling routine was responsible for pre-Siderations of isospin conservation. As this effect may be

processing and sorting the data, allowing on-line viewing ofSignificant for neutron reactions on silicon, the impact of
the spectra and for writing the event data to disk. These disié0SPin conservation effects is discussed in more detail later

files were later used to replay the data. in this paper.
In replaying the event-mode data, events were sorted ac- N
cording to gates placed around the patrticle of interest in the B. Level densities
two-dimensional pulse height arrayst vs SandSvs C. To The Hauser-Feshbach calculations made use of nuclear

replay the low-energy proton and deuteron data, it was neqaye| densities from the Gilbert-Camerg@0] approach—
essary to eliminate charged-particle events where the pagnat js, a Fermi-gas form at high excitation energies matched
ticles did not stop in th& detector and hence did not deposit oy o a constant-temperature form at lower energies. The
their full energy. This was accompl_ished by requi.ring that NOmatching energy was chosen automatically for each com-
corresponding event was present in Geletector, implying  pound nucleus so that the level density and its first derivative
that the particle stopped in tt&detector. This difficulty also  were continuous and, at the lowest excitation energies, the
existed for higher-energy protons and deuterons whichgnstant-temperature value matched the experimental level
“punched” through theC detector. A neutron energy upper density from the known low-lying nuclear levels.
limit of ~60 MeV was applied to ensure that all particles e made use of experimental information on the total
stopped in theC detector. Particle energies were correctedieye| density where available, choosing the level density pa-
for energy loss in the detectors and targetsuming all par-  rameter and the pairing energy such that the results from the
ticles were produced halfway through the tayget order to  Fermi-gas analytic expression approximated the experimen-
associate the time of flight of an event with an incident neu+) |evel density data. These data are described below. Mak-
tron energy, a correction was ma_de for the ejectilg flight timemg| use of such level density data is particularly important
from sample to detector, determined by the particle energyfor an accurate calculation of alpha-particle and proton emis-
The data were binned in neutron energy bins with widthssjon, since these cross sections are small compared to the
of 0.5-2 MeV. The widths were chosen to provide goodneytron-emission competition channel, and depend sensi-
statistical accuracy while not masking any short-range strucyely on the level densities describing the accessible phase
ture which might be present in the cross section. The finakpace.
cross section results appear to vary smoothly with neutron’ gq the 28s; nucleus(produced after single neutron emis-
energy and we are confident that this binning faithfully rep-sjon) Ref. [10] presented experimental total level density

resents the data. results in the excitation energy region 20—26 MeV from
Ericson fluctuation analyses and below 12 MeV from level

lll. STATISTICAL MODEL CALCULATIONS counting. For?Al (produced after single-proton emissjpn
A. General there are total level densities from Ericson fluctuation mea-

) . . surements by Abfaltereet al. [9] for the excitation energy
Model calculations for neutron reactions on silicon Wereregion 13—21 MeV and from level counting below 10 MeV.
performed with thesNAsH code[17], which applies Hauser- The |evel densities used in our calculations, where the level
density parameters were chosen to fit these data, are shown
in Fig. 1.
'FERA is a fast-encoding and readout analog-to-digital converter For Mg (produced after single-alpha emissjpdata ex-
system developed by Lecroy Research Systems Corporation, Cheést for the nuclear level density at the neutron separation
nut Ridge, New York. energy from the measured spacingsefvave neutron reso-
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10° : : : : : tiparticle emission results in the excitation of compound nu-
25 lovel density clei for \_/vhich in many cases no experimental level dgnsity

data exist. Level density parameters for these nuclei were
obtained from systemati¢22], and are therefore expected to
be less precise.

For each decaying compound nucleus, low-lying nuclear
levels, along with their spins, parities, and decay branching
ratios, were used in the Hauser-Feshbach calculations and in
the gamma-ray decay cascades. This information was taken
from the Evaluated Nuclear Structure Data RENSDP
compilation[21] for excitation energies where the informa-

, tion was judged to be “completel{where all spins and pari-

0o ties are known, and where the density of these levels is still

o rising exponentially.
0 5 1'0 1'5 2'0 2'5 30 Finally, to assess the sensitivity of the calculated results to
Excitation energy (MeV) the level dens_|ty parameters used, we have also p_erformed a
set of calculations that make use of the level density param-
10 ' ' ' eters by Huang, Grimes, and Mass@gt A [23], specifi-
%Al level density cally developed for theA=20-40 region. The systematics
for these parameters were based on the analysis of Braga-
Marcazzan and Milazzo-Colli24] who analyzed Ericson
fluctuation data from a number of papers to obtain individual
level density ‘a” values for a number of nuclei in the mass
region 206 A<50. These were deduced with the assumption
that the energy shift was that due to pairing energy only and
that the pairing energy shift was that given by Gilbert and
Cameron[20]. The function «A+B was fit by Huang,
Grimes, and Masse}23] to thesea values and the results
compared with densities at low energies deduced from level
counting. This comparison showed that the slopes were rea-
10° . . , sonable, but that there was an additional energy shift re-
0 5 10 15 20 quired. A systematical procedure for calculating these shifts
Excitation energy (MeV) was developed. In the region <40 a formula has been
found to represend, and a technique comparing the actual
thass of the ground state to systematics gives the energy
shift, which includes pairing and shell contributions. Tae
rameter is given bj23]
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FIG. 1. Calculated level densities compared with measuremen
for 28Si and 8Al. Level density parametera=3.35 MeV'!, A
=3.89 MeV (for ?8Sj) anda=3.55 MeV !, A=0 MeV (for 25Al) a
were used in the Fermi-gas expression. The calculations do not uge

the statistical level density model at low energies in the discrete a=0.086A+1.18 (1)
level region where known levels were used directly in the Hauser-
Feshbach analyses. and the energy shift, b = Mg, Mgysr, WhereMg,,iis the

o experimental ground-state binding energy, g is ob-
nances. However, the statistically small number of resotgined from a liquid-drop expression

nanceg4) owing to the light mass of®Mg results in a wide

range of values from different analysde.g., Dy=470

+140 keV from an Obninsk Nuclear Data Group compila-

tion compared t® =234 keV from a Chinese Nuclear Data 5

Group compilation; see Refl21]). Furthermore, use of 24, (N-2) , ©

swave resonance spacing information to infer total level A

densities for light nuclei is complicated by the fact that the. .

positive-negative parity ratio may not be 0.5:0.5. We theren units of MeV.

fore used level density parameter®=4.325A=1.75) for

25Mg that resulted in agreement with alpha production mea-

surements for neutron energies below 10 MeV, where only Coupled channel optical model calculations were per-

the (n,«) reaction contributes, givin®,=374 keV, which  formed with theecis code[25] to determine transmission

is consistent with the above-measured values. coefficients and inelastic neutron scattering cross sections to
Using the above experimental level density informationlow-lying collective levels(a rotational 0", 2%, 4" band

significantly constrained the Hauser-Feshbach calculationand a vibrational 3 statg. Our starting point was the global

for incident energies where multiparticle emission cannot ocmedium-energy optical potential of Madlah26], based on

cur (below about 10 MeV. At higher incident energies, mul- earlier work by Schwandt for neutrons above 46 MeV and

ZZ
M ysi= 15598~ 17.97A%°— (0.8176-0.645A )

C. Optical model calculations
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FIG. 2. Typical alpha-particle emission spectra at all four emis- FIG. 3. Typical proton-emission spectra at all four emission
sion angles for incident neutron energies of 20—22 MeV. angles for incident neutron energies of 45—47 MeV.

the Wilmore-Hodgson potential for lower neutron energiesmOdfaIS and some'lllterature values. The. present .results were
X ) ) obtained by combining data from the thin and thick targets.
(the reaction cross sections are continuous for these two p

tentials at 46 MeY. The depths of the imaginary compo- Yhe thick-target data were taken with a silicAft detector

nents of these spherical potentials were then reduced by 20 hich had a threshold for detecting protons of about 4 MeV .

to account approximately for the explicit calculation of in- elow this energy we use data from the thin target, where the

. PP y P . AE detectors were the proportional counters with a threshold
elastic scattering to the coupled states. Deformation parame-nergy of about 1.5 MeV. Despite this low threshold for
eters were. chosen to reproduce the ENDF/B'Vl IImlasucdetecting protons, there is the possibility that protons of even
cross sections at 20 MeV, resulting in values g%

o ~ : ... lower energy were missed because of the low Coulomb bar-
=—0.365 andB,= +0,'22’ in reasonable agreement with rier and the reaction kinematics. We discuss this effect be-
Alarcon and Rapaport’s values 6f0.37 and 0.17, respec-

tively [27]. A vibrational distorted-wave Born approximation
(DWBA,) calculation was performed for the 3state, result- with those obtained by Collet al. [31] at three laboratory

ingFin ,83=t0.235£,r?larﬁog ?nd Féz_apaport obtainet(_j 0?137,{]' i emission angles. There is reasonable agreement between the
26 or pro oné, be 9 028a Mm(\a/ |un;—(:rr]1er%y 0‘;}'%&.‘ C?O enl Ialtwo data sets. Our data from the proportional counters are
[26] was used above ev an € becchetli-ureeniees; o, separately from those with silicakE detectors, and
[28] potential was used for lower proton energies. Again, th

" . ) . he two sets show smooth matching at 4 MeV. Angle-
transition region to the medium-energy potential was Choseﬂnegrated spectra for proton and alpha emission were ob-

to give continuity in the reaction cross section. For deuteron§

. ained by fitting the double-differential data with Legendre
the global potential of Perey and Pered8] was used, and .
for alpha particles the global potential of McFadden andpolynomlals up to second order at each channel energy. A

sample fit for protons is given in Fig. 6. The angle-integrated
Satchler was usef80]. cross section is obtained by integrating over all angles. The

Figure 5 compares proton-emission spectra at 14.1 MeV

IV. RESULTS AND DISCUSSION 1O e e e

A. Experimental results Si(n,xd) Lab Angle

) X ) ) ] — 30 deg i
The results presented in the following section are typlcal,ﬁ.\ ] E_ = 45-47 MeV S0
and we have attempted to provide a representative sample .. 10° --- 135 deg

the many data obtained in this work. Shown are angle- anc=
energy-integrated cross sections as a function of inciden-
neutron energy, selected emission spectra, and selected a &
gular distributions for proton, deuteron, and alpha-particle
production. Comparisons with literature values and theoreti-& 10
cal calculationgsee Secs. IVB and IV Care made when- b
ever possible. The entire data set is available from the Na:

tional Nuclear Data Center at Brookhaven National : Lo - 'Dﬂ H I
Laboratory. 10 " e e e e e
Typical emission spectra are given in Figs. 2, 3, and 4 for 0 5 1OCha11§>ne12%ne§gy ?ﬁev)&:’ 40 45
alpha particles, protons, and deuterons, respectively. The

data are expressed in terms of channel energy, assuming two- FIG. 4. Typical deuteron-emission spectra at all four emission

body kinematics, to facilitate comparisons with calculationalangles for incident neutron energies of 45—-47 MeV.

|
(
1
1
1
(
1
I
'
T
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> ppt WNR thin (E,=13-15 MeV) FIG. 5. Double-differential
= Colli (E,=14.1 MeV) cross sections forE,=13-15
'k, 10°- MeV obtained at laboratory angles
n
N } of 30°, 60°, and 90° compared to
g the 14.1 MeV results of Colli
- et al. [31].
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0 15
Channel Energy (MeV)

~ 10 .
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5 -1 § &

10 73 5 10 15
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error in the cross section is given by the error returned by theesolution of the C<T'l) detectors and the finite neutron en-
least-squares fitting routine. ergy bin width. These spectra exhibit similar characteristics
Angle-integrated cross sections for alpha-particle emisto the alpha-particle results, containing a compound emission
sion are shown in Fig. 7 for various neutron energies. Allpeak and a higher-energy preequilibrium component as the
spectra exhibit a prominent evaporation peak-& MeV,  pombarding energy increases. This higher-energy tail is
independent of bombarding energy, characteristic of a commore prevalent for proton emission, because it is more prob-
pound nuclear emission process. The maximum alphagple for a proton, compared to an alpha cluster, to be emitted
particle energy increases correspondingly with incident neui, the early preequilibrium phase of the reaction.
tron energy. FOE,~15 MeV and above, the results show @ The geuteron-emission spectra exhibit a rather sharp an-
significant high-energy tail characteristic of preequilibrium o, dependence, incompatible with the Legendre fitting

Processes. Co.mpar'able' angle-integrated spectra for prot ethod. Thus the deuteron angle-integrated spectra were ob-
emission are given in Fig. 8. The fac_t that these spectra ained with a simple numeric integration over the four angles
tend beyond the calculated end points reflects the energy weighted by sinf). Results of angle-integrated cross sec-

tions for deuterons are given in Fig. 9 for several incident
10" i b b o b b neutron energies. The most striking feature of these spectra,
B =Rr—24 MeV distinguishing them from proton and alpha emission, is a
E,=6-65 MeV prominent peak observed at higher ejectile energies. This
L component of the spectrum is the result of a direct reaction
| R g’a‘fa“der fit | process in which the incident neutron picks up a proton in
the nucleus.
1 - Angular distributions for alpha particles are presented in
Fig. 10 for different regions of the emission spectrum and
| L various neutron energies. Figure 11 depicts proton angular
distributions under similar conditions. As expected, the spec-
tra become more forward peaked as the channel energy in-
creases, typical of a precompound emission process. It is
L o L L I IS L I I S somewhat surprising that the spectra exhibit a significant an-
Angle (deg) isotropy even in the compound region of the e_mission spec-
trum. This trend has also been observed previously by other
FIG. 6. Sample Legendre polynomial fit for proton emission. authors[32]. At higher channel energies the proton angular
Legendre polynomials up to order 2 are included in the fit. distributions appear to be more forward peaked, suggesting

Cross section (mb sr~' MeV™")
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©  WNR (16-18 MeV) 3 ©  WNR (24-26 MeV)
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that nonequilibrium processes play a larger role in proton Sample angular distributions for deuteron production are
emission. In addition, the degree of forward peaking appearshown in Fig. 13. This figure illustrates the contributions of
to be characterized more by the emission energy of the ejethe various reaction mechanisms to the emission cross sec-
tiles than by the incident neutron energy, a phenomenotion. In the ejectile energy region of 7-10 MeV, near the
commonly referred to as Kalbach systemalfi88]. Proton = compound-emission peak, the angular distributions are fairly
angular distribution data obtained by Hassler and R8dk  isotropic. As the emission energy increases, the spectra tend
at 14.4 MeV are compared with results of the present experito become more forward peaked, as expected. For certain
ment in Fig. 12 for proton energies above 3 MeV, the threshneutron energies, the emission energy corresponds to the re-
old for Ref.[34]. Good agreement between the two data setgion of the direct reaction peak, resulting in a further en-

is seen. hancement of the cross section in the forward direction.
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Finally, the angle-integrated spectra were integrated ovensed to monitor the neutron flux and in the thickness of the
emission energy to obtain the total production cross sectiofthin) silicon sample, add an additional8% normalization
for each charged-particle type. The results for alpha-particlerror to the data.
production are given in Fig. 14 over the entire neutron en- Compared with other alpha-particle production cross sec-
ergy range and in Fig. 15 up to 20 MeV, the range of mostions, our data show good agreement. Previously, these reac-
evaluated data sets and of most previous measurements. Stians have been studied near threshold with neutrons incident
tistical errors folded in with the uncertainty associated withon silicon surface-barrier detectors. In this region, we choose
fitting the angular distributions are shown. Systematic errorsthe data of Birket al. [35] as a representative data set. Near
mainly due to uncertainties in th&°U fission foil thickness 14 MeV, the only available data are from the helium accu-
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mulation measurements of Knedf al. [36] corrected values above 30 MeV reflects the fact that the

Figure 16 gives the total proton-production cross sectiorbackgrounds for the low-energy part of the spectra were high
results over the entire neutron energy range. The errorat these higher neutron energies and therefore the statistical
shown are the same as in Fig. 14. We estimate the normalmcertainties in this part of the spectrum are large.
ization error of the proton data to be10%, also due to Proton-production results of the present experiment are
uncertainties in thé* fission foil thickness, the thickness compared in the region up to 20 MeV in Fig. 17 with illus-
of the thick silicon sample, and the integration over anglesrative result§37-39 of the many activation measurements
Because of the reaction kinematics, the_ spectra for |0W(summarized in Refl40]), of a photographic plate method
energy _protons have dlfferent_ threshold in channel energy41] and of reactions in a silicon detec{@?]. Near 14 MeV
depending on the angle at which the protons were detecteghe present results agree well with data in the literature. The
We have tried to compensate for this by assuming that thegetive threshold for thé?®Si(n,np) reaction is about 13
very-low-energy parts, below 3 MeV, of the spectra at 90°\1ev/ (Q value is 11.98 MeYso that the activation measure-
and 135° are the same as that observed at 60°, where the.t of the 28si(n,p) 28Al reaction therefore measures the
background was significantly less than at 30° in the proporyqa| proton production on this dominant isotope up to this
tional counter data. The resulting, “corrected” spectra ar€anergy. The decrease in the activation red@® from 13 to
also given in Fig. 16. The crossing of the uncorrected and g pev indicates the opening of the,fip) channel. The

photographic platd41] technique did measure all protons
251 S'i(n Xp)' . '3 MeVI ' ! produced but only at one laboratory angle of 120°. The
' P angle-integrated cross section was derived assuming isot-

WNR (E,=13-15 MeV) [

]
o
P

~ Hassler’ (5,144 MeV) | ropy, which is shown in Fig. 11 not to be a valid assumption.
B C Because the angular distribution is somewhat forward
E 159 3 peaked, the values of Rd#1] can be expected to be some-
= ] what lower than those of the present work.

%10_- 3 Comparison of literature values with the present data be-
<

low 9 MeV shows some similarities but also some disagree-
ments. The high-resolution data of Ref88,39,43 have
04 . . . . . 5 been averaged in 0.5 MeV bins in Fig. 17. Except for nor-
0 30 60Angl eQO(deg)izo 150 180 malizqtio_n factors, the s_hapes of the excitation functions are
very similar. The unpublished data of Bastsal.[38] have a
FIG. 12. Proton angular distributions Bt,= 14 MeV compared ~ reported uncertainty of 10-15%, whereas the overall nor-
with Ref. [34]. Only protons above 3 MeV are integrated in this malization uncertainties are given to be 50% for the data of
comparison. The line drawn through the present data representsMarion et al.[39] and 30% for the data of Mainsbridge al.
second-order Legendre polynomial fit. [42]. The present data are lower on the order of 30% in this
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energy rangdsee Fig. 1Y. Other than our results, there are MeV and, slightly above the energy range of the present
no data that cover the range from threshold to 14 MeV.  experiment, by Lambest al.[44] (62.7 MeV) and Ullmann

We have attempted unsuccessfully to resolve the discrepet al.[45] (59.1 MeV). All of these works report only partial
ancy below 9 MeV in the proton-production cross sectionscross sections either in the angular range or in proton ener-
The fact that our data agree with activation data near 14jies detected due to the detection threshold. Their data are
MeV gives us confidence in the overall normalization.therefore not easily compared with ours. Qualitative agree-
Agreement of helium-production datsee Fig. 15also adds ment is generally seen, however, when our data are com-
confidence. Further activation measurements of theared with these previous studies.
283j(n,p)?8Al reaction could help clarify this discrepancy.  Deuteron total production cross sections for deuterons
Such measurements with broad neutron energy resolution iwith energies above the detector threshold of about 5 MeV
the region below 9 MeV could greatly reduce the uncertain-are given in Fig. 18. The uncertainties are similar to those for
ties in the overall normalizations of previous activation dataproton emission except for the increased uncertainty in inte-
Furthermore, if these measurements could extend into thgrating the more strongly forward-peaked angular distribu-
9-14 MeV range, the activation data could be compared

. . ) 400 ! " ) " 1 ! " " " 1 " " " " 1
with the trend of our proton-production cross sections. 1 , R
At higher energies, proton production from silicon has 350 Si(n xa) o+ GNASH Calewlation |
+---&--.. ENDF/B-V] Evaluation [

also been investigated by Bharuth-Ramnal. [43] at 21.5 300 3 = Knelf Si(n.*He) accum.

° Birk *Si(n,a)

30011|1|1|1|||1|\|1|1|1|w|||1
Si(n,x«)

—— Present Data
--------- GNASH Calculation

20

10 15
Neutron Energy (MeV)
I T I FIG. 15. Excitation function for alpha-particle production for
0 10 20 E ?ﬁev) 40 50 60 neutron energies up to 20 MeV. The data points from the present

experiment are the same as in Fig. 14. Experimental results of Birk
FIG. 14. Excitation function for alpha-particle production. The et al. [35] (open circleg in which alpha particles were detected,
error bars represent statistical uncertainties. An additional normaland Kneffet al.[36], where the accumulated helium was measured,
ization error is estimated to be8%. Results of the&NAsH calcu-  are shown. Results of thenasH calculation are indicated by the
lation are indicated by the dotted line. dashed line and the ENDF/B-VI evaluatip#0] by the dotted line.
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FIG. 16. Excitation function for proton production. The open

circles represent the uncorrected cross section subject to the detec- F|G. 18. Excitation function for deuteron production. The
tion threshold of~1.5 MeV in the laboratory. The solid circles are dashed line represents the uncompensated cross section subject to
the threshold-corrected data based on the 60° detector results gfe detection threshold of5 MeV. The solid line indicates the
described in the text. For both the uncorrected and corrected datghreshold-corrected data based on gnasH results while the dot-

the error bars represent statistical errors; an additional normalizaed |ine is thesnasH calculation for all emission energies. The error

tion error is estimated to be- 10%. The dotted line is theNASH  bars represent statistical uncertainties. An additional normalization
calculation for all emission energies. error is estimated to be 15%.

tions. Many previous studies of deuteron production on siliHication. However, these authors noted the close similarity of
con have concentrated only on population of a few low-lyingtheir silicon and aluminum data, and the AJkd) emission
residual states by direct reactions and are therefore not congpectra reported in Ref46] bear a close similarity to our
parable to the present, total deuteron emission. The paper B¥sults shown in Fig. 9.
Lambertet al.[44] presented some summary information on  For applications, it is important to compare the present
deuteron emission, but lack of space prohibited a more comresults with ENDF/B-VI evaluation40] where the evalu-
prehensive description of their emission spectra in that pubated data have also been binned to smooth out the fluctua-
tions below 9 MeV. For alpha-particle producti¢see Fig.

600 e e T 15), the present results vary more smoothly in energy than
1 Si(nxp o Prevent Dete - Uncorrected | those of ENDF/B-VI but differ by no more than about 20%
so04 7 7 L7 ENDR/B-VI Evelaation - in the region above 8 MeV. For proton productitsee Fig.
] 5 Morion Sin > M N 17), the agreement is good near 14 MeV, but the present
400 l A B - results are less than ENDF/B-VI by up to 30% between 8
= 1 X and 12 MeV and up to 20% in the 15-20 MeV range. The
E300 - ENDF/B-VI evaluation for silicon does not extend to higher
b 1 g energies.
200 -
] L B. GNAsH calculational results
1003 a Figures 7—9 show that, in general, thsasH model cal-
1 C culations describe the measured spectra well. For protons
0 o L A A 20 and alphas, the calculations account for the shape and mag-

° Neutron Eiloergy (Mev) ® nitude of the evaporation data at lower emission energies and
. _ ) the preequilibrium data at higher energies. For deuteron

FIG. 17. Excitation function for proton production for neutron ¢ icqion ‘the pickup model accounts for the general features
energies up to 20 MeV. The data points from the present experi¢ 1o high-energy deuteron emission, though some of the

ment are the same as in Fig. 16. The dashed line indicates thg - . .
. . : etails of the measurements are not well reproduced; addi-
results of thesNAsH calculation while the dotted line represents the

ENDF/B-VI evaluation[40]. Experimental results of Allap41] are tlona_”y’ at hlgher_ incident energies the calculations unde_r-
from detection of the protons, while those of Mainsbridge al. p_redlct the magnitude of deuteron compound-nucleus emis-
[42] are from interactions in a silicon detector. Activation measure->'0"- .

ments on?Si of Ikedaet al. [37], Basset al. [38], and Marion The present measurements of proton and alpha-particle

et al. [39] are corrected to represent proton production through€Mission extend to lower emission energies compared to
(n,p) reactions on the mixture of isotopes in natural silicon; theMOSt previous measurements. This allows the theoretical pre-

283j(n, p) 28Al reaction accounts for nearly all of the proton produc- dictions of particle emission below the Coulomb barrier to be
tion below 13 MeV. Absolute normalization uncertainties for datatested. Figures 7 and 8 show that the theoretical predictions
of Mainsbridgeet al. and of Marionet al. are included in the data are in generally good agreement with the data for low emis-
points; the relative uncertainties are much less. sion energies. The exception is alpha-particle emission at
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about 2 MeV alpha-particle energy, for incident neutrons 0.4 - , ,
. . H —— Gilbert-C. (modified), no i i -
with energies below 2.6 MeVupper panels of F|g.)}the D<o sl oo fiotucouiinn
calculated peak here is due to an apparent theoretical over- - -~ Huang-Grimes |.d, no isospin cons.
L. 28c; ’ -~ Huang-Grimes [.d., isospin cons |
prediction of the=*Si(n,n’ &) channel. 03 o Present Data P

Comparisons of calculated and measured total charged-
particle productiorfintegrated over all emission energies and
angles are shown in Figs. 14-18. Some general observa-
tions are given below, while detailed discussions on the im-
pact of isospin conservation on these production cross sec-
tions is given in the next subsection.

The agreement between the calculated and measured al-
pha production in Fig. 14 is excellent. The calculation de-
pends sensitively on the level densities used. While the level 0.0 . . . .
densities for the main competition process&S{ from neu- o 10 20 30 40 50
tron emission and?®Al from proton emissioh are known Incident energy (MeV)
from other analyses, the level density f6MMg after alpha- ) ) _ i
particle emission was chosen so as to reproduce the expe;i- FIG. 19. Influence of Isospin conservation on alpha pro_d”Ct'(.m'
mental data in Fig. 14 below 10 MeV, and a level density or 1:’W0 different level density optlgns in the calculations. If isospin
was obtained that was consistent with neutron resonan mixing occurs at a level of_a_pproxmately 50%, the resul_ts using the

. L uang-Grimes level densitigge., an average of the thin dashed
measurements; see Sec'. IB. 1t is .theref.ore satisfying thagtnd dotted lineswould agree reasonably well with the experimen-
the calculated alpha-particle production is in good agreemeny; jata.
with measurements also at energies above 10 MeV, where

multiparticle emission processes contribute to the inclusive7 difference between the neighboring isosfin and T
>

alpha-production cross section. level densities, and therefore we ignore contributions from

Figures 16-18 show that the overall features of the Me%he smaller decay channels for simplicity. The extreme case

sured proton and deuterqn production cross sections are e for aT=0 compound nucleuge.g., produced in our ex-
produced by the calculations, generally to better than 20%, . . ) .
ample of reactions on silicon after am,(’) reactiorj for

However, the calculated proton production cross section i hich the coupling for both protons and neutrons is 1/2,

the 8-12 MeV range largely exceeds the present measure—reatl enhancing the probability for alpha decay compared
ments: at 10 MeV incident energy, the discrepancy betwee y 9 P y b Y b

. . ‘10 a calculation without isospin. The enhancement or reduc-
theory and experiment amounts to approximately 30%. This. . : .
: . . ion factors for the entire spectrum at a given bombarding
large discrepancy is difficult to understand since the leve

energy are averages over the factors for each decaying com-

densities and optical model transmission coefficients ar%ound nucleus. A net enhancement of about 30% for alphas

known fairly well here, though isospin conservation would

. I ; ibd found, while proton and neutrons are reduced by about 9%
result in a smaller proton emission cross section as describe 0 . i . .
: . and 2%, respectively. Similar effects are seen in the minor
in more detail below.

decay channels, with an enhancement for deuterons and re-
) ) ) ductions for tritons andHe particles.

C. Isospin considerations Figure 19 shows the effect of isospin conservation on cal-

The GNASH calculations described above did not include culated alpha production for two different level density ap-

the possibility of isospin conservation; indeed, few Hauserproaches(1) our default level density calculations described
Feshbach analyses of neutron-induced emission have iR Sec. Il (i.e., ?®Si and ?®Al based on level density experi-
cluded isospin effects. To address this question, we havmental data,”®Mg densities chosen to optimize agreement
made use of the work of Grim¢47] to assess the magnitude with the alpha-production measurements reported here, and
of this effect on charged-particle production. Adding isospinother nuclei level densities taken from Cook systematics
as a quantum number causes the addition of a Clebscland (2) Huang-Grimes systematid23] for the A=20-40
Gordon coefficient to the decay width, reflecting the prob-mass region. In both cases, the assumption of 100% isospin
ability that the compound nucleus and ejectile isospin comeonservation results in a significant increase in alpha produc-
bine to yield the isospin of the final state. Since the alphaion for incident energies above approximately 10 MeV.
particle has isospin zero, it couples uniquely to a single value When no isospin conservation was included, our default
of isospin in the final nucleus. Both the proton and neutrorcalculations shown by the solid line account for alpha-
have isospin 1/2; depending on whether the compoungroduction measurements well—as they should since the
nucleus is neutron or proton rich, the proton or neutron, re°Mg level density was chosen to result in a good agreement
spectively, will couple to a unique isospin, but the otherfor low incident energies. The calculations using the Huang-
ejectile can reach two values of isospin in the final nucleusGrimes level density systematics with no isospin conserva-
One of these values corresponds to the population of levelson underpredicted the experimental data, primarily because
with a much lower level density, so the introduction of iso- of a lower level density fo”®Mg. With 100% isospin con-
spin reduces the decay probability for ejectiles which coupleservation the calculations using the Huang-Grimes level den-
to two different isospin values. We estimate about a factor osity then somewhat overpredict the data. However, other

Alpha production (b)
o
(V]

o©
=
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studies of isospin conservation in Hauser-Feshbach reactioti®n cross sections are reported here and compared with lit-
have pointed to an isospin conservation level of about 50%rature data where available, with evaluated nuclear data
[48] and a 50% mixing; i.e., a curve, given by the average ofiles up to 20 MeV, and nuclear reaction model calculations.
the thin dashed and dotted lines in Fig. 19, would result in a’he reaction models are able to reproduce the proton and
reasonable agreement with the data. alpha-particle emission data quite well and to account for
Given that the systematic behavior of the Huang-Grimesome of the features of deuteron production. Inclusion of
level densities is based on a wide variety of experimentalsospin in the reaction models is shown to increase the cal-
information, the densities are thought to be fairly reliable forculated production cross section for alpha particles by about
nuclides such ag°Mg, which influence alpha production. 30% and to decrease the proton-production cross section by
The fact that calculations without isospin conservation un-about 9%. These changes then require changes in the input
derpredict the alpha production data, but result in reasonablgarameters such as the nuclear level densities to bring the
agreement when 50% isospin conservation is assumed, proalculated cross sections back into agreement with experi-
vides support for the importance of isospin conservation irment.
neutron-induced reactions where the target isospin is small.
We admit, though, that this argument would be stronger if
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