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27Al „n,xg… reactions for neutron energies from 3 to 400 MeV
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~Received 17 September 1997!

The promptg radiation from the interaction of fast neutrons with aluminum was measured using the white
neutron beam of the WNR facility at the Los Alamos National Laboratory. Aluminum samples were positioned
at about 20 m or 41 m distance from the neutron production target. The spectra of the emittedg rays were
measured with a high-resolution HPGe detector. The incident neutron energy was determined by the time-of-
flight method and the neutron fluence was measured with a238U fission chamber. From theg-ray spectra
excitation functions for prominentg-ray transitions in various residual nuclei~in the element range from F to
Al ! were derived for neutron energies from 3 to 400 MeV. Up to 200 MeV incident neutron energy the results
are compared with the predictions of nuclear model calculations performed with the codeGNASH. This code
combines compound nucleus calculations using Hauser-Feshbach statistical theory with preequilibrium calcu-
lations from an exciton model including multiple preequilibrium processes. For the majority of theg-ray
transitions there is reasonable agreement between the measured and the calculated cross sections.
@S0556-2813~98!04404-5#

PACS number~s!: 25.40.2h, 24.60.Dr
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I. INTRODUCTION

One method to study neutron-induced reactions ove
wide incident neutron energy range up to several hundred
MeV is the use of a pulsed ‘‘white’’ spallation neutro
source and high-resolutiong-ray spectroscopy. The inciden
neutron energy is determined by the time-of-flight meth
and the promptg-radiation emitted in neutron-induced rea
tions is detected by high-resolution Ge detectors.

In general neutron-induced reactions leave the resid
nucleus in a highly excited state which subsequently dec
via a g cascade to the ground state in typically three or fo
steps. The initial intensity distribution over a very large nu
ber of highly exited levels is collected in the first few excit
levels which then decay to the ground state. Such transit
between low-lying levels are identified in the promptg-ray
emission-spectrum by their characteristicg-ray energies, and
production cross sections for several transitions in a num
of residual nuclei can be measured simultaneously ove
wide incident neutron energy range in a single experime

In even-even nuclei, direct transitions by particle emiss
to the 01 ground state~g.s.! are unlikely because of th
many other decay modes possible. Because there is suffi
angular momentum in the system to populate a rather w
range of residual states, few of these states, except the lo
21 state, decay directly to the ground state and nearly
decay through this 21 state. Thus the measured cross sect
for this 21

1→g.s. transition is approximately equal to th
total production cross section for an even-even resid
nucleus. In our previous work on Pb@1# and in several of the
residual nuclei here, detailed calculations show that this
proximation is good to better than 90%. The partial cro
section not included in this measurement results from thosg
rays in the cascade which bypass the 21

1 state, and those
570556-2813/98/57~5!/2416~11!/$15.00
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reactions that leave the residual nucleus directly in
ground state.

If the residual nucleus is not even-even~or if g-ray tran-
sitions other than the 21

1→g.s. transition are investigated!
partial production cross sections are obtained from the p
duction cross section for a giveng-ray transition. These par
tial cross sections indicate the population of individual sta
in the same sense as the production of isomeric states
they are therefore of interest for comparison with the res
of nuclear model calculations.

At the Weapons Neutron Research facility~WNR! @2# of
the Los Alamos National Laboratory a program for the me
surement of high-resolutiong-ray production cross section
for several elements was initiated several years ago@3#. In a
collaboration between the Los Alamos National Laborato
and the University of Viennag-ray emission cross section
with enriched 207,208Pb samples were measured and the
sults reported@1,4#. The main motivation for performing the
present experiment was, as in the case of the lead mea
ment, to provide an experimental data base for compari
with the results of nuclear model calculations and to t
model calculations based on the Hauser-Feshbach forma
and the exciton model for preequilibrium particle emissi
over a wide incident particle energy range.

Aluminum was chosen as sample material as Al
monoisotopic and thus well suited for testing model calcu
tions. In addition there exists a good data base for prot
induced reactions on Al. The results of this work~cross sec-
tion data for reactions induced by high-energy neutro!
complement the existing data base and may be used for
tailed comparisons between the results of proton a
neutron-induced reactions.

Furthermore, discreteg-ray measurements are compl
mentary to particle-emission spectra measurements, s
2416 © 1998 The American Physical Society
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57 241727Al( n,xg) REACTIONS FOR NEUTRON ENERGIES . . .
they test the model’s ability to predict observables sensi
to angular-momentum conservation in radionuclide prod
tion.

II. EXPERIMENT

The experimental setup was essentially the same as in
lead experiment described in Ref.@1#, where a more detailed
description is given. The experiments were performed at
30° left flight path of the WNR facility. The general feature
of the 30° left Ge spectrometer setup and of the beam p
structure are described in Ref.@5#. A schematic diagram o
the flight path, collimation, shielding, sample position a
detectors is shown in Fig. 1.

Aluminum samples were irradiated at distances of 20
and 41.48 m from the neutron production target. The sam
were 10-cm310-cm Al plates, 2- and 6-mm thick for the 20
and the 41-m setup, respectively. The samples were mou
on a thin plastic frame and oriented at 45° with respect to
beam to reduce the attenuation of theg rays in the sample for
detectors positioned at 90° and 125°. The collimated neu
beam was completely intercepted by the sample.

Two high-purity coaxial Ge detectors~HPGe! were used
in each experiment. The detectors had active volumes of
proximately 70 and 140 cm3 for the 90° and the 125° detec
tors, respectively. Steel tubes filled with tungsten pow
were used as collimators. As the same experimental s
was also used in a study of207,208Pb g-ray emission spectra
@1#, lead could not be used as shielding material.

The detectors were positioned about 40.0 cm from
sample center at 90° and about 27 cm from the sampl
125°. The detector and collimator assemblies were p
tioned side by side to take advantage of the better sha
shielding on one side of the beam. The sample-to-dete
distance was chosen to maximize the count rate while ke
ing the effects of pileup at a reasonable level for the 1
detector. The sample-to-detector distance for the 90° dete
was constrained by the physical contact of the two collim
tors. The detector position of 125° was chosen because
value of theP2 Legendre polynomial function is zero at th
angle. The usual expansion of theg-ray angular distribution
is

A0@11a2P2~cosu!1a4P4~cosu!1¯#.

Provideda4 is small, the angle integrated cross secti
can be approximated as 4p times the measured cross secti
at u5125°. Data from the 90° detector were not used in
analysis or results reported in this paper. The detector

FIG. 1. Experimental setup.
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ciencies~including the solid angle! were measured by plac
ing calibrated radioactive sources at the sample center p
tion.

The neutron flux was measured with a fission cham
with a 238U fission foil. The design of the fission chamber
described in Ref.@6#. The fission chamber was centered
the beam at distances of 19.30 and 37.30 m from the prod
tion target for the 20- and 41-m sample positions, resp
tively.

Data were acquired using standard electronics, a CAM
crate and a VAXstation computer. TheXSYS data acquisition
and analysis computer program@7# was used. Data from the
Ge detectors as well as from the fission chambers w
stored in event mode on disk, and sorted into on
dimensional~1D! and 2D@neutron time-of-flight~TOF! ver-
sus pulse height# spectra. The time resolution of the 125
detector, determined from the ‘‘g-ray flash’’ from the neu-
tron production target varied from 10 ns full width at ha
maximum ~FWHM! for Eg5200 keV to 5 ns FWHM for
Eg53 MeV. The g-ray energy resolution obtained durin
the experiments was 3.9 keV FWHM at ag-ray energy of
1014.4 keV. Theg-ray energy resolution was limited in pa
by the selection of a 1ms pulse shaping time constant whic
allowed high count rates without excessive pileup.

To get an estimate of theg-ray background, measure
ments were performed without any sample as well as wit
0.5-mm thick tantalum plate at the sample position, a
sample-out measurement does not account for backgroug
rays produced by neutrons which are scattered from
sample into the collimators and detectors. A significant ba

ground line interfering with the 843.7-keV (1
2 )1→g.s. tran-

sition in 27Al was identified as the 21
1→g.s. 846.8-keV tran-

sition in 56Fe, probably from the detector housing. Therefo
the 843.7-keV transition in27Al could not be analyzed. The
background spectra did not show any furtherg-ray lines
overlapping in energy with theg rays of interest.

Because of uncertainty in our knowledge of the Ge det
tor dead time, an experiment in the 14-MeV neutron ene
range was performed at the Institute of Physics of the Slo
Academy of Sciences to determine a better absolute norm
ization of the cross sections@8#.

III. DATA REDUCTION

The neutron energy range between 3 and 400 MeV w
divided into energy groups with increasing widths~0.25 to
50 MeV! according to the neutron energy resolution of t
experiment.

The neutron fluence for each energy group was de
mined from the two dimensional~neutron TOF versus fission
PH! fission chamber spectra@6#. Photofission events induce
by g rays emitted from the neutron-production target we
used as a time reference to signal the arrival of the pro
beam pulse at the neutron production target. The time s
was calibrated by a time calibrator with a quartz oscillatora
particles and fission fragments were distinguished by th
pulse heights. A time-uncorrelated random backgrou
present in the TOF spectra was subtracted prior to sorting
fission events into neutron energy groups. The neutron
ence for each group was calculated using the cross sec
for the 238U(n, f ) reactions given by Lisowskiet al. @9#.
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2418 57A. PAVLIK et al.
Two-dimensional spectra, neutron TOF versusg pulse-
height, were recorded for the Ge detector. The ‘‘g flash’’
from the neutron-production target was used as a time re
ence. For each neutron energy group a one-dimensiong
pulse-height spectrum was derived from the two-dimensio
spectrum. Figure 2 shows examples ofg-ray spectra from the
Al sample in the 20-m position for the neutron energy ran
14 to 15 MeV, 45 to 50 MeV, and 240 to 270 MeV.

The peak areas were determined by subtracting a b
ground interpolated linearly between suitably chosen ba
ground regions on both sides of the peak. As the choice
the peak limits and the background region is somewhat s
jective, an additional uncertainty component was added q
dratically to the statistical uncertainties. An estimate of t
uncertainty was obtained by comparing the peak areas d
mined by different summing limits and background regio

The g-ray transitions analyzed in this work are listed
Table I. A number ofg-ray transitions originating from very
short-lived levels could only be analyzed in a very restric
neutron-energy range. Due to Doppler broadening, peak
eas could not be determined from theg-ray spectra related to

FIG. 2. g-ray spectra derived from the data taken with the 2-m
aluminum sample for incident neutron energy groups 14 to
MeV, 45 to 50 MeV, and 240 to 270 MeV. The numbers in t
figure are theg-ray energies in keV of the corresponding line
which were analyzed to deriveg-ray production cross sections.
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higher neutron-energy groups. The analyzed neutron-en
range for the 1014.4-keV transition in27Al was restricted by
the contribution of multiply scattered neutrons~see below!
and not by the Doppler broadening.

From the peak areas, the neutron fluence, and theg de-
tector efficiency, relative excitation functions were deriv
for eachg transition analyzed. The differential cross sectio
at u5125° were converted to totalg-production cross sec
tions by multiplying them by 4p as discussed in Sec. II
Correction factors for the attenuation of theg rays within the
samples were calculated using photon absorption cross
tions from Ref.@10#.

Multiply scattered neutrons can give significant addition
contributions to the measured cross sections at high incid
neutron energies, especially for reactions with low thre
olds. Taking into account the effect of secondary neutro
only ~and neglecting higher-order multiple scattering! the
correction factor for ag-ray transition with energyEg at an
incident neutron energyE is given by

f 5S 11
Nsec~E,Eg!

Nprim~E,Eg! D
21

, ~1!

whereNprim(E,Eg) andNsec(E,Eg) are theg-peak intensities
due to photons produced by primary and secondary neutr
respectively.

The ratio of the contributions of secondary and prima
neutrons to the measuredg-peak intensities for ag-ray tran-
sition with energyEg and a primary neutron energyE was
estimated under the assumption of isotropic emission of s
ondary neutrons according to the relation

Nsec~E,Eg!

Nprim~E,Eg!
5

nl̄*0
EsnM~E,E8!sg~E8,Eg!dE8

sg~E,Eg!
, ~2!

wheren is the atomic density of the sample andl̄ the average
path length of the secondary neutrons in the sam
snM(E,E8) is the energy-differential emission cross secti
for the production of neutrons of energyE8 by neutrons of
the initial energyE, and s(E,Eg) and s(E8,Eg) are the
g-ray production cross sections for ag-ray transition with
energyEg at neutron energies ofE andE8, respectively.

The correction was done for the low-threshold reactio
27Al( n,n8g) and 27Al( n,pg) and could be neglected for a
other reactions, as only a small fraction of the second
neutrons had energies exceeding the reaction thresholds
ratiosNsec/Nprim were calculated for neutron energies of 1
14.5, 20, 30, 40, and 60 MeV and values for intermedi
energies were obtained by linear interpolation. Theg-ray
production cross section used for these calculations were
results of nuclear model calculations performed with t
codeGNASH @11,12# in the course of this work~see Sec. IV!.
For the neutron emission cross sections experimental
were used forE514.5 MeV@13#, for E510 and 20 MeV we
used evaluated values from theJENDL-3 library @14# and for
the higher neutron energies we used the results of the pre
model calculations with the codeGNASH. An estimated un-
certainty of630% was assigned to the calculatedNsec/Nprim
ratios. Due to the lower production cross sections for prot
and the smaller range due to slowing down, contributions
secondary protons to the measured cross sections can b

5
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TABLE I. Nuclear reactions andg transitions investigated in this work.

Reaction
Residual
nucleus

g Transition
investigated

Energy
~keV!

Neutron energy range
~MeV!

9/21→7/21 793.0 3–26
3/21→g.s. 1014.4 3–60

27Al( n,n8g) 27Al 5/21→3/21 1720.3 3–12
7/21→g.s. 2211.1 3–34
9/21→g.s. 3004.2a 3–20

27Al( n,2ng) 26Al
31→g.s. 416.9 threshold–400
11→01 829.4 threshold–40

5/21→3/21 955.3 threshold–19
27Al( n,pg) 27Mg 3/21→g.s. 984.6 threshold–32

5/21→g.s. 1697.9 threshold–32

27Al( n,png)
27Al( n,dg)

26Mg
31

1→21
1 1002.4 threshold–60

22
1→21

1 1129.7 threshold–400
21

1→g.s. 1808.6 threshold–400
27Al( n,p2ng) 25Mg

3/21→1/21 389.7 threshold–400
27Al( n,dng) 3/21→g.s. 974.8 threshold–400
27Al( n,p3ng) 24Mg 21→g.s. 1368.6 threshold–40027Al( n,d2ng)
27Al( n,2p3ng) 23Na 5/21→g.s. 440.0 threshold–40027Al( n,ang)
27Al( n,3p3ng) 22Ne 21→g.s. 1274.5 threshold–40027Al( n,apng)
27Al( n,3p4ng) 21Ne 5/21→g.s. 350.5 threshold–40027Al( n,ap2ng)
27Al( n,3p5ng) 20Ne 21→g.s. 1633.8 threshold–40027Al( n,ap3ng)
27Al( n,4p6ng)
27Al( n,a2p4ng) 18F 31→g.s. 937.2 threshold–400
27Al( n,2a2ng)

aThis line was not resolved from the 2981.8-keV (3/21→g.s.) transition due to Doppler broadening.
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pected to be at least one order of magnitude smaller than
effect of secondary neutrons. Thus such corrections were
glected.

In the case of the residual nucleus27Al we used only the
data taken with the 2-mm thick sample in the 20-m sam
position as for the 6-mm sample the correction factors co
only be estimated with high uncertainties. For the 1014
keV 3/21→g.s. transition in27Al we determined cross sec
tions only up to a neutron energy of 60 MeV, where t
correction factor reached a value of 0.50. For the other tr
sitions in 27Al the neutron energy range was restricted by
effect of Doppler broadening of theg peaks. At the maxi-
mum neutron energies the correction factors were betw
0.83 and 0.97 for the transitions analyzed.

For the residual nucleus27Mg, which is produced by the
(n,p) reaction, the correction factors for the contribution
secondary neutrons are much smaller due to the highe
fective reaction threshold. Therefore we estimated the c
rection factors for both the 2- and the 6-mm thick samp
For the highest neutron energies considered, the correc
factors for the three analyzed transitions were in the ra
0.87 to 0.97 for the 2-mm sample and in the range 0.70
0.95 for the 6-mm sample.

Because of uncertainty in our knowledge of the Ge det
tor dead time, the measured~relative! cross sections were
he
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normalized to data obtained in a separate measurement
formed at the Institute of Physics of the Slovak Academy
Sciences in Bratislava with an incident neutron energy
14.6 MeV @8#. For the experiment in the 41-m sample po
tion a normalization factor was derived from the cross s
tion of the 1808.6-keV 21

1→g.s. transition in26Mg and for
the 20-m sample position from the cross sections of
1808.6-keV 21

1→g.s. transition in26Mg and the 1014.4-keV
3/21→g.s. and the 2211.1-keV 7/21→g.s. transitions in
27Al.

For 27Al the final results are the normalized results fro
the 20-m sample position, for all other residual nuclei t
final result was calculated as a weighted average of the
malized cross sections measured at the 20- and 41-m sa
positions.

To estimate the final uncertainties of theg production
cross sections, all statistical and systematic uncertainty c
ponents were combined according to the rules of error pro
gation.

IV. CROSS SECTION CALCULATIONS

Calculations of the measuredg-ray production cross sec
tions were performed with the reaction theory codeGNASH

@11,12#. GNASH combines compound nucleus calculations u
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2420 57A. PAVLIK et al.
ing Hauser-Feshbach statistical theory with preequilibri
calculations from an internal exciton model and direct re
tion components from external calculations. Transmiss
coefficients for light particles are obtained from optic
model potentials, andg-ray transmission coefficients are ca
culated from a giant-dipole-resonance model by Kope
and Uhl@15#. The structure of residual nuclei in the calcul
tions is obtained from experimental information on discr
levels matched to phenomenological level density exp
sions, which are used in the continuum region.

The GNASH code is perhaps unique among existi
nuclear model codes in that it applies the Hauser-Feshb
~and not Weisskopf-Ewing! theory up to incident energies a
high as 200 MeV for all decaying compound nuclei, an
sential prerequisite for analyzing ourg-ray data.

Particle transmission coefficients were calculated with
SCAT2 code@16# using spherical optical model potentials. F
neutrons, the potential of Petleret al. @17#, derived fromn
127Al scattering and total cross section measurements,
utilized for energies to 60 MeV. For protons, the global p
tential of Perey@18# was used to proton energies of 44 Me
and for both neutrons and protons, the potential of Madla
@19# was used at higher energies. For deuterons, the pote
of Perey and Perey@20# was used at all energies, and f
tritons, the Becchetti and Greenlees potential@21# was
adopted. Finally, the potential of Arthur and Young@22#,
based on the work of Lemos@23#, was used at alla energies.

Information on discrete levels~energies, spins, parities
and branching ratios! was taken from the ENSDF nuclea
structure data file, which in this mass range is based ma
on the compilations of Endt@24#. The number of discrete
levels and the corresponding excitation energy ranges for
various residual nuclei in the calculations are given in Ta
II. The phenomenological model of Ignatyuk@25# was used
to calculate level densities in the continuum region. In ad
tion to including an energy-dependent level density para
eter, the Ignatyuk model accounts for the theoretically
pected disappearance of shell effects in the nuclear l
densities at higher excitation energies. Within this model
nuclear moment of inertia was given the full rigid body m
ment of inertia. The level density parameters were cho
using the systematics of Younget al. @26#, and adjustments
were made to the pairing energies based on measuremen
(n,2n) cross sections near threshold for the various isoto
of Al.

Preequilibrium calculations were carried out with the e
citon model of Kalbach@27#, including both surface effect
@28# and multiple preequilibrium processes. The damp
matrix element was taken as 140 MeV3. The importance of
multiple preequilibrium effects for calculating (n,xg) cross
sections at higher energies was established in a prev
analysis@1# of 207,208Pb(n,xg) reactions. Calculations usin
the GNASH code are shown in Figs. 3–13 for two differe
options for modeling multiple preequilibrium emission: o
earlier@1# model~MPE1!, which determines the emission o
a second preequilibrium particle from the dominant 1p1h
states using an exciton model; and our more recent@29# gen-
eralized multiple preequilibrium model~MPE2!, which de-
termines second-particle emission from all preequilibriu
particle-hole states. Comparisons of the predictions fr
these models with experimental emission spectra data@30#
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indicate a preference for the more recent model~MPE2!.
This is because particle emission at medium to low emiss
energies, but above the evaporation regime, is more prop
accounted for with MPE2 by second-particle preequilibriu
emission from the more complex particle-hole states.

V. RESULTS AND DISCUSSION

The results of this work, the measured and calculated
citation functions of 21 transitions between low-lying leve
in 11 different residual nuclei, are given in Figs. 3–13. N
merical values of the experimental results are available
EXFOR format through the Nuclear Data Centers@31#. An
overview of the analyzed transitions and the neutron ene
ranges where cross sections could be determined is give
Table I. All experimental results are normalized to the resu
of the 14-MeV experiment~see Sec. III!. We note, that the

TABLE II. Maximum excitation energies and numbers of di
crete states included for various residual nuclei in the27Al1n cal-
culations.

Residual
nucleus

Maximum
excitation energy

~MeV!
Number of

discrete states

28Al 4.081 28
27Al 7.012 41
26Al 5.522 53
25Al 5.609 25
24Al 4.025 13
23Al 0.000 1
22Al 0.000 1
27Mg 5.244 20
26Mg 6.945 20
25Mg 5.319 20
24Mg 9.534 27
23Mg 6.200 20
22Mg 6.036 12
26Na 2.539 8
25Na 5.043 20
24Na 3.694 20
23Na 6.079 20
22Na 4.522 20
21Na 5.834 20
20Na 0.000 1
25Ne 0.000 1
24Ne 4.947 6
23Ne 4.021 14
22Ne 7.126 20
21Ne 5.694 20
20Ne 5.866 6
19Ne 3.385 7
22F 0.000 1
21F 5.091 20
20F 4.141 20
19F 5.516 20
18F 4.803 20
17F 0.000 1
16F 0.000 1
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57 242127Al( n,xg) REACTIONS FOR NEUTRON ENERGIES . . .
relative intensities for the various cross sections measure
En514 MeV in the present experiment agree within the u
certainty limits with the results of the independently pe
formed 14-MeV experiment.

g-ray production cross sections from the interaction
fast neutrons with aluminum were measured previously w
high resolution in the energy ranges 0.8 to 13 MeV@32# and
0.8 to 10 MeV@33# and for neutron energies around 14 Me
A detailed discussion of the widely discrepant 14-MeV me
surements is given in Ref.@8# and is therefore not repeate
here. The results of Vosset al. @32# and Savinet al. @33# who
had studied transitions in27Al only are included in Fig. 3.
The results given by Vosset al. @32# are about 30% lower
than our measurements indicating differences in the abso
normalization. The cross sections given by Savinet al. show
rather good agreement with our own data for the 1720.3-k
and the 2211.1-keV transition in27Al, but are about 30%

FIG. 3. 27Al( n,n8g)27Al cross sections for the transitions wit
793.0, 1014.4, 1720.3, 2211.1, and 3004.2 keVg-ray energy in
27Al. Closed circles: present experiment. Solid line:GNASH calcu-
lations ~No difference between MPE1 and MPE2.! Open circles:
Vosset al. @32#. Open triangles: Savinet al. @33#.
at
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h
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te

V

FIG. 4. 27Al( n,2ng)26Al cross sections for the transitions wit
416.9 and 829.4 keVg-ray energy in26Al. Closed circles: presen
experiment. Solid line:GNASH calculations~MPE1!. Dashed line:
GNASH calculations~MPE2!.

FIG. 5. 27Al( n,pg)27Mg cross sections for the transitions wit
955.3, 984.6, and 1697.9 keVg-ray energy in27Mg. Closed circles:
present experiment. Solid line:GNASH calculations~No difference
between MPE1 and MPE2.!
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FIG. 6. Sum of the27Al( n,png)26Mg and 27Al( n,dg)26Mg
cross sections for the transitions with 1002.4, 1129.7, and 18
keV g-ray energy in 26Mg. Closed circles: present experimen
Solid line: GNASH calculations~MPE1!. Dashed line:GNASH calcu-
lations ~MPE2!.

FIG. 7. Sum of the27Al( n,p2ng)25Mg and 27Al( n,dng)25Mg
cross sections for the transitions with 389.7 and 974.8 keVg-ray
energy in 25Mg. Closed circles: present experiment. Solid lin
GNASH calculations ~MPE1!. Dashed line: GNASH calculations
~MPE2!.
lower for the 1014.4-keV transition. Such differences in t
relative intensities of transitions in the same residual nucl
are difficult to understand as all normalization factors a
also corrections for finite sample-size effects should be
proximately the same.

In Figs. 3–13 the results of the model calculation~see
Sec. IV! with theGNASH code using both models for multipl
preequilibrium particle emission~MPE1 and MPE2! are
shown. There are no differences in the results for the t
models for the (n,n8g) and the (n,pg) reactions~Figs. 3
and 5!. For these reactions the model calculations give
reasonable reproduction of the experimental cross sect
with deviations of about 20% which are to be expected
such calculations.

The importance of the chosen multiple preequilibriu
model can be seen in the other figures, where difference
the calculatedg-ray cross sections~and radionuclide yields!
for the two models are seen in some cases to be large,
ticularly for the (n,2ng) cross sections~Fig. 4!. This is to be
expected since the (n,2n) cross section is particularly sens
tive to reaction mechanisms which result in the emission
two fast particles, leaving the residual nucleus in a low e
citation state. In Fig. 4 it is evident that both the MPE1 a
MPE2 model calculations are in reasonable agreement
the (n,2ng) data for the 829.4-keV transition, but the MPE
calculation underpredicts the measurement for the 416.9-

.6

FIG. 8. Sum of the27Al( n,p3ng)24Mg and 27Al( n,d2ng)24Mg
cross sections for the 1368.6-keV transition in24Mg. Closed
circles: present experiment. Solid line:GNASH calculations~MPE1!.
Dashed line:GNASH calculations~MPE2!.

FIG. 9. Sum of the27Al( n,2p3ng)23Na and 27Al( n,ang)23Na
cross sections for the 440.0-keV transition in23Na. Closed circles:
present experiment. Solid line:GNASH calculations~MPE1!. Dashed
line: GNASH calculations~MPE2!.
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transition above 40 MeV. Possible reasons for the under
diction by the MPE2 model calculation are discussed in m
detail below.

For the (n,png) cross section~Fig. 6! the model calcula-
tion results using MPE2 again underestimate the meas
cross sections. For the 1002.4-keV transition there is a g
eral disagreement of about a factor 2 between the experim
tal and the calculatedg-ray production cross sections. Th
structures in the calculated cross section curves for neu
energies above 150 MeV are caused by the numerical pr
dures and can be removed at the expense of more comp
resources. In the case of the (n,p2ng) and (n,p3ng) reac-
tions~Figs. 7 and 8! the calculations using MPE2 give highe
cross sections in the peak region of the excitation funct
than our original preequilibrium model~MPE1! but they are
lower for higher energies. The MPE2 calculations give
better reproduction of the experimental data for t
(n,p2ng) reaction, whereas for the (n,p3ng) reaction the
MPE1 results agree with the experimental cross sections
the case of theg-ray production cross section for the 440.
keV transition in 23Na ~Fig. 9!, both preequilibrium models
give similar results which show a strong disagreement w
the experimental data for neutron energies above 40 M
The observed shape of the measured excitation functio
the 440-keVg ray in 23Na is due to two main reaction chan
nel contributions: at the lowest energies, with a thresh
energy of approximately 10.5 MeV, is a contribution invol
ing a-particle emission@(n,na) and (n,an) channels#; at
higher energies, with a threshold of approximately 40 Me

FIG. 10. Sum of the 27Al( n,3p3ng)22Ne and
27Al( n,apng)22Ne cross sections for the 1274.5-keV transition
22Ne. Closed circles: present experiment. Solid line:GNASH calcu-
lations ~MPE1!. Dashed line:GNASH calculations~MPE2!.

FIG. 11. Sum of the 27Al( n,3p4ng)21Ne and
27Al( n,ap2ng)21Ne cross sections for the 350.5-keV transition
21Ne. Closed circles: present experiment. Solid line:GNASH calcu-
lations ~MPE1!. Dashed line:GNASH calculations~MPE2!.
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is a contribution from the sequential emission of three n
trons and two protons. While the calculations account for
former mechanism, they underpredict the latter react
channel. This is due to the calculations predicting the pr
ence of other competing decay channels that take away c
section from this channel. While we could have modifi
input model parameters~particularly level density param
eters! to enhance this decay channel and obtain an impro
agreement with the measurements, we did not do this
cause of the advantages of presenting results of model
culations using default input parameters.

For theg-ray production cross sections of transitions
22Ne and21Ne ~Figs. 10 and 11! the calculations using both
preequilibrium models result in very similar excitation fun
tions. The overall agreement seems to be somewhat b
using the MPE1 model. For the 1633.8-keVg-ray transition
in 20Ne ~Fig. 12! there is good agreement~within the experi-
mental uncertainties! between the experimental cross se
tions and the calculations using MPE1. The results obtai
with MPE2 overestimate the measured cross sections.
the g-ray production cross section of the 937.2-keV tran
tion in 18F ~Fig. 13! there is disagreement between t
GNASH calculations and the measured cross sections in
neutron energy range between threshold and about 60 M
This discrepancy is not yet understood.

As already mentioned in Sec. IV the more recent preeq
librium model ~MPE2! uses more realistic assumptions o

FIG. 12. Sum of the 27Al( n,3p5ng)20Ne and
27Al( n,ap3ng)20Ne cross sections for the 1633.8-keV transition
20Ne. Closed circles: present experiment. Solid line:GNASH calcu-
lations ~MPE1!. Dashed line:GNASH calculations~MPE2!.

FIG. 13. Sum of the27Al( n,4p6ng)18F, 27Al( n,a2p4ng)18F,
and 27Al( n,2a2ng)18F cross sections for the 937.2-keV transitio
in 18F. Closed circles: present experiment. Solid line:GNASH calcu-
lations ~MPE1!. Dashed line:GNASH calculations~MPE2!.
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the emission of the second preequilibrium particle than
original one~MPE1!. To better understand the role of mu
tiple preequilibrium reactions, we show the calculated ang
integrated neutron and proton emission spectra following
MeV protons incident on Al, compared to the data of Kale
et al. @34# and Wuet al. @35# in Fig. 14 ~such data for inci-
dent neutrons do not exist!. Angular distributions for the sec
ondary ejectiles in the calculations were obtained using
Kalbach systematics@36#, and the results transformed int
the laboratory frame assuming two-body kinematics. In fa
the forward-peaking exhibited in the evaporation regim
which comes from the center-of-mass system to labora
system transformation, is an artifact due to this assumpt
In reality, the preequilibrium ejectiles, which are genera
emitted with high energy in the forward direction, lead to

FIG. 14. Proton and neutron emission spectra in the 90-M
p1Al reaction. Solid line:GNASH calculations~MPE2 models!.
Symbols: Experimental (p,xn) data of Kalendet al. @34# ~upper
figure!; experimental (p,xn) data of Wuet al. @35# ~lower figure!.
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significant decrease in the kinetic energy of the decay
compound nuclei, so that the transformation into the labo
tory frame should not lead to much forward-peaking in t
evaporation region. TheGNASH model calculations~which
use the preferred MPE2 model! are seen to describe the da
fairly well, though the forward-angle proton spectra are u
derpredicted by approximately 20–30 %. Likewise, Fig.
shows the Los Alamos Meieret al. @37# data for the 113-
MeV Al( p,xn) reaction compared with our calculations, an
again the agreement between calculation and measureme
good. But these figures do show a tendency for an over
diction of evaporation neutrons and protons, which sugge
that the calculated preequilibrium emission may be unde
timated~more high-energy ejectiles leave less energy for
quential equilibrium decays!. However, with the exception o
the 90-MeV proton emission spectrum, the preequilibriu
spectra appear to be described well with theGNASH MPE2
model.

Table III shows that the calculated integrated cross s
tions for secondary particle production for various emiss
mechanisms agree well with the Wuet al. data@35# for 90-
MeV p1Al. The good agreement between theory and e
periment for proton emission may be somewhat fortuito
since Fig. 14 suggests that a theoretical underpredictio
preequilibrium emission is compensated by an overpre
tion in equilibrium emission. The importance of preequili
rium deuteron emission, which is included in our calcu
tions, is also evident.

Given the reasonably good description of emission sp
tra obtained with MPE2, described above, how can
MPE2 model’s failure to describe the measured (n,2ng)

V

FIG. 15. Neutron emission spectra in the 113 MeVp1Al reac-
tion. Solid line:GNASH calculations~MPE2!. Symbols: Experiment
of Meier et al. @37#.
TABLE III. Secondary particle production~in mb! for the 90-MeV p1Al reaction, compared with
experimental results of Wuet al. @35#.

GNASH Calculations~MPE2!

Experiment~Wu et al.!
TotalEjectile

Primary
preequilibrium

Multiple
preequilibrium Evaporation Total

n 118 75 254 447
p 245 87 426 758 723
d 64 0 23 87 93
a 8 0 132 140 161
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(Eg5416.9 keV) cross section above 50 MeV be und
stood? Since the multiple preequilibrium model is statisti
in nature, and the processes that contribute to the (n,2ng)
cross section are only a small subset of all the multiple em
sion processes observed in the emission spectra, perhap
(n,2n) reaction is particularly sensitive to nuclear structu
details and would be better described by a knock
distorted-wave reaction theory.

A final piece of evidence that is relevant to this discuss
is measurements of radionuclide production cross section
proton-induced reactions, by Michel and collaborato
.
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@38,39#, and by Sistersonet al. @40#. For thep127Al reaction
at 90 MeV ~one of the incident energies discussed abov!,
these authors measure radionuclide production cross sec
of approximately: (p,pn1d) 26Al production: 52 mb
~GNASH predicts 60 mb!; (p,3pn) 24Na production: 11 mb
~GNASH predicts 9 mb!; and (p,3p3n) 22Na: 21 mb~GNASH
predicts 21 mb!. Thus, excellent agreement is obtained b
tween GNASH, using MPE2, and the experimental data.
particular, the (p,pn) cross section comparison, which
particularly sensitive to multiple preequilibrium modelin
supports the applicability of the MPE2GNASH model, in con-
trast to our present (n,2ng) measurements.
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