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27Al(n,xy) reactions for neutron energies from 3 to 400 MeV
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The prompty 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 ematedwere
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 witfa fission chamber. From the-ray spectra
excitation functions for promineng-ray transitions in various residual nucl@n 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 thesmede. 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-tag
transitions there is reasonable agreement between the measured and the calculated cross sections.
[S0556-28188)04404-3

PACS numbd(s): 25.40—h, 24.60.Dr

I. INTRODUCTION reactions that leave the residual nucleus directly in the
ground state.

One method to study neutron-induced reactions over a If the residual nucleus is not even-evén if y-ray tran-
wide incident neutron energy range up to several hundreds afitions other than the ;2—g.s. transition are investigated
MeV is the use of a pulsed “white” spallation neutron partial production cross sections are obtained from the pro-
source and high-resolutiopray spectroscopy. The incident duction cross section for a givepray transition. These par-
neutron energy is determined by the time-of-flight methodtial cross sections indicate the population of individual states
and the prompty-radiation emitted in neutron-induced reac- in the same sense as the production of isomeric states and
tions is detected by high-resolution Ge detectors. they are therefore of interest for comparison with the results

In general neutron-induced reactions leave the residuaf nuclear model calculations.
nucleus in a highly excited state which subsequently decays At the Weapons Neutron Research facilit/NR) [2] of
via ay cascade to the ground state in typically three or fourthe Los Alamos National Laboratory a program for the mea-
steps. The initial intensity distribution over a very large num-surement of high-resolutiog-ray production cross sections
ber of highly exited levels is collected in the first few excited for several elements was initiated several years[8}dn a
levels which then decay to the ground state. Such transitiongollaboration between the Los Alamos National Laboratory
between low-lying levels are identified in the promptay  and the University of Vienna-ray emission cross sections
emission-spectrum by their characterisficay energies, and  with enriched?°-2°Pb samples were measured and the re-
production cross sections for several transitions in a numbegults reported1,4]. The main motivation for performing the
of residual nuclei can be measured simultaneously over present experiment was, as in the case of the lead measure-
wide incident neutron energy range in a single experiment.ment, to provide an experimental data base for comparison

In even-even nuclei, direct transitions by particle emissionwith the results of nuclear model calculations and to test
to the 0" ground state(g.s) are unlikely because of the model calculations based on the Hauser-Feshbach formalism
many other decay modes possible. Because there is sufficiesihd the exciton model for preequilibrium particle emission
angular momentum in the system to populate a rather widgver a wide incident particle energy range.
range of residual states, few of these states, except the lowest Aluminum was chosen as sample material as Al is
2" state, decay directly to the ground state and nearly allmonoisotopic and thus well suited for testing model calcula-
decay through this 2 state. Thus the measured cross sectiortions. In addition there exists a good data base for proton-
for this 2] —g.s. transition is approximately equal to the induced reactions on Al. The results of this wddkoss sec-
total production cross section for an even-even residuation data for reactions induced by high-energy neutrons
nucleus. In our previous work on BPb] and in several of the complement the existing data base and may be used for de-
residual nuclei here, detailed calculations show that this aptailed comparisons between the results of proton and
proximation is good to better than 90%. The partial crosseutron-induced reactions.
section not included in this measurement results from those  Furthermore, discrete~ray measurements are comple-
rays in the cascade which bypass thg &tate, and those mentary to particle-emission spectra measurements, since
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collimator oonerete ciencies(including the solid anglewere measured by plac-
- Sample b ing calibrated radioactive sources at the sample center posi-
Neutron Beam ‘%. tion. . L.
s % .The neut_ron_ flux was meas_ured with a f|55|on chamt_)er
s &/\Ge Detectors  [rmmrmn ey with a 2% fission foil. The design of the fission chamber is
ission &Tungsten Beam Dump described in Ref[6]. The fission chamber was centered on
Chamber 1250 Dewar the beam at distances of 19.30 and 37.30 m from the produc-
(20 90° tion target for the 20- and 41-m sample positions, respec-
tively.
< #imFightPath - fom ——— Data were acquired using standard electronics, a CAMAC
. crate and a VAXstation computer. Tieys data acquisition
FIG. 1. Experimental setup. and analysis computer progrdif was used. Data from the

o ) .. Ge detectors as well as from the fission chambers were
they test the model's ability to predict observables sensitivgiyred in event mode on disk, and sorted into one-
to angular-momentum conservation in radionuclide prOdUCdimensional(lD) and 2D[neutron time-of-flight TOF) ver-
tion. sus pulse heightspectra. The time resolution of the 125°

detector, determined from they“ray flash” from the neu-
Il. EXPERIMENT tron production target varied from 10 ns full width at half

The experimental setup was essentially the same as in tfgaf?rﬂrg\?:v_l\{ﬁewl) rfgr Eg;rzoorzigll}fi)or? gztgi\r/\\Q;M dL];(r)irn
lead experiment described in RgL], where a more detailed hye ox erirﬁents v)\//-asy?, 9 ke%/ FWHM atarav eneray of 9
description is given. The experiments were performed at th 014 4pkeV Thewra eﬁer resolution W’grs I)i/mitedgiz art
30° left flight path of the WNR facility. The general features thé selec;tionec);} ay;I.Ls u?sye shaping time constant Wl?ﬂch
of the 30° left Ge spectrometer setup and of the beam puls | 4 hiah t rat P ithout ping e i
structure are described in R¢E]. A schematic diagram of afiowed high count rates without excessive prieup.

the flight path, collimation, shielding, sample position andme-[lct) get an e?umatg o_fththe:ray backglround, rrl}easur_(ter—]
detectors is shown in Fig. 1. s were performed without any sample as well as with a

Aluminum samples were irradiated at distances of 20.0é)fr;]mlrg_othicrl:];:2t?|um ptle&te at ﬂ:e samplef p%S'tIEn’ as da
and 41.48 m from the neutron production target. The samplerg P du d bu emetn oesr?_oh accoun tct)r %C fgﬂPUI’;h
were 10-cnx10-cm Al plates, 2- and 6-mm thick for the 20- ays produced by neutrons which are scatiered from fhe

and the 41-m setup, respectively. The samples were mountesélmple i.nto .the coII.imato.rs and detectors. A significant back-
on a thin plastic frame and oriented at 45° with respect to th@round line interfering with the 843.7-ke\sY" —g.s. tran-
beam to reduce the attenuation of taeays in the sample for  sition in 2’Al was identified as the —g.s. 846.8-keV tran-
detectors positioned at 90° and 125°. The collimated neutroaition in S6Fe, probably from the detector housing. Therefore
beam was completely intercepted by the sample. the 843.7-keV transition irf’Al could not be analyzed. The
Two high-purity coaxial Ge detecto$iPGe were used background spectra did not show any furthgray lines
in each experiment. The detectors had active volumes of apverlapping in energy with the rays of interest.
proximately 70 and 140 chrfor the 90° and the 125° detec- Because of uncertainty in our knowledge of the Ge detec-
tors, respectively. Steel tubes filled with tungsten powdetor dead time, an experiment in the 14-MeV neutron energy
were used as collimators. As the same experimental setunge was performed at the Institute of Physics of the Slovak
was also used in a study 8f72°Pb y-ray emission spectra Academy of Sciences to determine a better absolute normal-

[1], lead could not be used as shielding material. ization of the cross section§].
The detectors were positioned about 40.0 cm from the
sample center at 90° and about 27 cm from the sample at IIl. DATA REDUCTION

125°. The detector and collimator assemblies were posi-

tioned side by side to take advantage of the better shadow The neutron energy range between 3 and 400 MeV was
shielding on one side of the beam. The sample-to-detectdtivided into energy groups with increasing widt{@25 to
distance was chosen to maximize the count rate while keeg?0 MeV) according to the neutron energy resolution of the
ing the effects of pileup at a reasonable level for the 125€xperiment.

detector. The sample-to-detector distance for the 90° detector The neutron fluence for each energy group was deter-
was constrained by the physical contact of the two collimamined from the two dimensionaheutron TOF versus fission
tors. The detector position of 125° was chosen because tHH) fission chamber spectfé]. Photofission events induced
value of theP, Legendre polynomial function is zero at that by  rays emitted from the neutron-production target were

ang|e_ The usual expansion of the’ay angu|ar distribution used as a time reference to Signal. the arrival of the proton
is beam pulse at the neutron production target. The time scale

was calibrated by a time calibrator with a quartz oscillator.
Ag[1+a,P,(cos ) +a,P4(cos)+---]. particles and fission fragments were distinguished by their
pulse heights. A time-uncorrelated random background
Provideda, is small, the angle integrated cross sectionpresent in the TOF spectra was subtracted prior to sorting the
can be approximated asr4dimes the measured cross sectionfission events into neutron energy groups. The neutron flu-
at 6=125°. Data from the 90° detector were not used in theence for each group was calculated using the cross sections
analysis or results reported in this paper. The detector effifor the 223U(n,f ) reactions given by Lisowsket al.[9].
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e L higher neutron-energy groups. The analyzed neutron-energy
range for the 1014.4-keV transition fiAl was restricted by
the contribution of multiply scattered neutrofsee below
and not by the Doppler broadening.
From the peak areas, the neutron fluence, andytke-
C tector efficiency, relative excitation functions were derived
[ for eachvy transition analyzed. The differential cross sections
at #=125° were converted to total-production cross sec-

LA tions by multiplying them by # as discussed in Sec. Il
background iy Correction factors for the attenuation of theays within the
200 e e samples were calculated using photon absorption cross sec-

. tions from Ref.[10].

Multiply scattered neutrons can give significant additional
contributions to the measured cross sections at high incident
neutron energies, especially for reactions with low thresh-
olds. Taking into account the effect of secondary neutrons
only (and neglecting higher-order multiple scattejirthe
correction factor for ay-ray transition with energg ., at an
incident neutron energk is given by

Nsed E.E,) )‘1
Npl’im(E!Ey) ,

E=14-15MeV
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whereN,in(E,E,) andNg.{E,E,) are they-peak intensities
due to photons produced by primary and secondary neutrons,
respectively.

The ratio of the contributions of secondary and primary
neutrons to the measuredpeak intensities for a-ray tran-
sition with energyE,, and a primary neutron enerdy was
estimated under the assumption of isotropic emission of sec-

ondary neutrons according to the relation

background
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FIG. 2. y-ray spectra derived from the data taken with the 2-mm heren is the atomic density of the sample d—m‘lhe average
aluminum sample for incident neutron energy groups 14 to 1§N

MeV, 45 to 50 MeV, and 240 to 270 MeV. The numbers in the path 'e”,gﬂ.‘ of the seco_ndary _neutrqn; in_the sam_ple,
figure are they-ray energies in keV of the corresponding lines, oam(EE’) is the energy-differential emission cross section
which were analyzed to derivgray production cross sections.  [0F the production of neutrons of ener@y/ by neutrons of
the initial energyE, and o(E,E,) and o(E’,E,) are the

Two-dimensional spectra, neutron TOF versupulse-  y-ray production cross sections forjaray transition with
height, were recorded for the Ge detector. The flash” energyE,, at neutron energies & andE’, respectively.
from the neutron-production target was used as a time refer- The correction was done for the low-threshold reactions
ence. For each neutron energy group a one-dimensignal 2’Al(n,n’y) and 2Al(n,py) and could be neglected for all
pulse-height spectrum was derived from the two-dimensionabther reactions, as only a small fraction of the secondary
spectrum. Figure 2 shows examplesyafay spectra from the neutrons had energies exceeding the reaction thresholds. The
Al sample in the 20-m position for the neutron energy rangesatios Ns./Nyim Were calculated for neutron energies of 10,
14 to 15 MeV, 45 to 50 MeV, and 240 to 270 MeV. 14.5, 20, 30, 40, and 60 MeV and values for intermediate

The peak areas were determined by subtracting a baclenergies were obtained by linear interpolation. Tjeay
ground interpolated linearly between suitably chosen backproduction cross section used for these calculations were the
ground regions on both sides of the peak. As the choice afesults of nuclear model calculations performed with the
the peak limits and the background region is somewhat sulzodeGNASH [11,12 in the course of this worksee Sec. IV.
jective, an additional uncertainty component was added quaor the neutron emission cross sections experimental data
dratically to the statistical uncertainties. An estimate of thiswere used foE=14.5 MeV[13], for E=10 and 20 MeV we
uncertainty was obtained by comparing the peak areas deteused evaluated values from thenbL-3 library [14] and for
mined by different summing limits and background regions.the higher neutron energies we used the results of the present

The vy-ray transitions analyzed in this work are listed in model calculations with the codeNAsH. An estimated un-
Table I. A number ofy-ray transitions originating from very certainty of30% was assigned to the calculatég./Nyim
short-lived levels could only be analyzed in a very restrictedratios. Due to the lower production cross sections for protons
neutron-energy range. Due to Doppler broadening, peak aend the smaller range due to slowing down, contributions of
eas could not be determined from theay spectra related to secondary protons to the measured cross sections can be ex-
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TABLE I. Nuclear reactions ang transitions investigated in this work.

Residual v Transition Energy Neutron energy range
Reaction nucleus investigated (keV) (MeV)
9/2" - 7/2% 793.0 3-26
32" gs. 1014.4 3-60
27Al(n,n’ y) 27p| 5/2+ —3/2" 1720.3 3-12
712" —g.s. 22111 3-34
9/2" —g.s. 3004.2 3-20
3*—g.s. 416.9 threshold—400
27 26
Al(n.2n) Al 170" 829.4 threshold—40
5/2" —3/2" 955.3 threshold—-19
27Al(n,py) 2IMg 3/2"—g.s. 984.6 threshold—32
5/2t —g.s. 1697.9 threshold—32
27 3/ —-2] 1002.4 threshold—60
o AIE 2'3“)7) 26\ 25 2t 1129.7 threshold—400
oY 2 -g.s. 1808.6 threshold—400
ZIAl(n,p2n7y) 29 32t —1/2" 389.7 threshold—400
2IAl(n,dny) 9 312" —g.s. 974.8 threshold—400
27
2&:?23223 24\1g 2" _gs. 1368.6 threshold—400
27 ,
272:E :’ipnsyr;” 2Na 5/2 g.s. 440.0 threshold—400
27 ‘
272:2 :lippsnny);) 2Ne 2" —g.s. 12745 threshold—400
27p| 4
27A|E :'ippznn?) ZINe 5/2" —g.s. 350.5 threshold—400
27
Al(n,3pSny) 20\g 2" g.s. 1633.8 threshold—400

27TAl(n, ap3ny)
27Al(n,4p6ny)
2TAl(n, a2p4nvy) 8 3" —g.s. 937.2 threshold—400
2TAI(Nn,2a2n)

&This line was not resolved from the 2981.8-keV (B/2g.s.) transition due to Doppler broadening.

pected to be at least one order of magnitude smaller than theormalized to data obtained in a separate measurement per-
effect of secondary neutrons. Thus such corrections were nésrmed at the Institute of Physics of the Slovak Academy of
glected. Sciences in Bratislava with an incident neutron energy of
In the case of the residual nucle@\Il we used only the  14.6 MeV[8]. For the experiment in the 41-m sample posi-
data taken with the 2-mm thick sample in the 20-m sampldion a normalization factor was derived from the cross sec-
position as for the 6-mm sample the correction factors couldion of the 1808.6-keV 2—g.s. transition in?®Mg and for
only be estimated with high uncertainties. For the 1014.4the 20-m sample position from the cross sections of the
keV 3/2" —g.s. transition in?’Al we determined cross sec- 1808.6-keV Z —g.s. transition in"®Mg and the 1014.4-keV
tions only up to a neutron energy of 60 MeV, where the3/2" . g.s. and the 2211.1-keV 7/2-g.s. transitions in
correction factor reached a value of 0.50. For the other tran27p,
sitions in ?’Al the neutron energy range was restricted by the  For 27Al the final results are the normalized results from
effect of Doppler broadening of the peaks. At the maxi- the 20-m sample position, for all other residual nuclei the
mum neutron energies the correction factors were betweefinal result was calculated as a weighted average of the nor-
0.83 and 0.97 for the transitions analyzed. malized cross sections measured at the 20- and 41-m sample
For the residual nucleu$’Mg, which is produced by the positions.
(n,p) reaction, the correction factors for the contribution of  To estimate the final uncertainties of theproduction
secondary neutrons are much smaller due to the higher egross sections, all statistical and systematic uncertainty com-

fective reaction threshold. Therefore we estimated the corponents were combined according to the rules of error propa-
rection factors for both the 2- and the 6-mm thick sample gation.

For the highest neutron energies considered, the correction

factors for the three analyzed transitions were in the range

0.87 to 0.97 for the 2-mm sample and in the range 0.70 to

0.95 for the 6-mm sample. Calculations of the measuredray production cross sec-
Because of uncertainty in our knowledge of the Ge detections were performed with the reaction theory cazleasH

tor dead time, the measurddklative cross sections were [11,12. GNASHcombines compound nucleus calculations us-

IV. CROSS SECTION CALCULATIONS



2420 A. PAVLIK et al. 57

ing Hauser-Feshbach statistical theory with preequilibrium TABLE Il. Maximum excitation energies and numbers of dis-
calculations from an internal exciton model and direct reaccrete states included for various residual nuclei in b +n cal-
tion components from external calculations. Transmissiorfulations.

coefficients for light particles are obtained from optical

model potentials, ang-ray transmission coefficients are cal- _ Maximum
. . Residual excitation energy Number of
culated from a giant-dipole-resonance model by Kopecky .
. . nucleus (MeV) discrete states

and UhI[15]. The structure of residual nuclei in the calcula-
tions is obtained from experimental information on discrete?®Al 4.081 28
levels matched to phenomenological level density expres?’Al 7.012 41
sions, which are used in the continuum region. 26| 5.522 53

The GNASH code is perhaps unique among existing 25a| 5.609 25
nuclear model codes in that it applies the Hauser-Feshbactia| 4.025 13
(and not Weisskopf-Ewingheory up to incident energies as 23 0.000 1
high.as 200 M(_a\_/ for all decaying compound nuclei, an es-22p) 0.000 1
sential prerequisite for analyzing ogtray data. _ 27\ 5.244 20

Particle transmission coefficients were calculated with thes, 6.945 20
scAT2 code[16] using spherical optical model potentials. For 25\g 5319 20
neutrons, the potential of Petlet al. [17], derived fromn 240g 9534 27
+27Al scattering and total cross section measurements, was '

- . 6.200 20
utilized for energies to 60 MeV. For protons, the global po- 22\g 6.036 12
tential of Pereyf18] was used to proton energies of 44 MeV, 2' 539 8
and for both neutrons and protons, the potential of Madlanq5N 5'043 20
[19] was used at higher energies. For deuterons, the potentinga 3.694 20
of Perey and Peref20] was used at all energies, and for ,, a '
tritons, the Becchetti and Greenlees potenfidl] was 22Na 6.079 20
adopted. Finally, the potential of Arthur and Youhg2], lea 4.522 20
based on the work of Lem@&3], was used at alk energies. ZONa 5.834 20

Information on discrete leveléenergies, spins, parities, ZSNa 0.000 1
and branching ratigswas taken from the ENSDF nuclear ~Ne 0.000 1
structure data file, which in this mass range is based mainly’Ne 4.947 6
on the compilations of Endi24]. The number of discrete *Ne 4.021 14
levels and the corresponding excitation energy ranges for th&Ne 7.126 20
various residual nuclei in the calculations are given in Table?!Ne 5.694 20
Il. The phenomenological model of Ignaty(R5] was used 2°Ne 5.866 6
to calculate level densities in the continuum region. In addi-**Ne 3.385 7
tion to including an energy-dependent level density param22F 0.000 1
eter, the Ignatyuk model accounts for the theoretically ex21 5.091 20
pecte@ disappearance. of. shell effgcts ilj t_he r_1uc|ear levebr 4.141 20
densities at higher excitation energies. Within this model thewsg 5516 20
nuclear moment of inertia was given the full rigid body mo- 1s¢ 4.803 20
ment of inertia. The level density parameters were chosenr- 0.000 1
using the systematics of Youre al. [26], and adjustments 1 0.000 1

were made to the pairing energies based on measurements_of
(n,2n) cross sections near threshold for the various isotopes

of AL _ _ _ indicate a preference for the more recent mo@PE2).
_ Preequilibrium calculations were carried out with the ex-This is because particle emission at medium to low emission
citon model of Kalbact27], including both surface effects energies, but above the evaporation regime, is more properly

[28] and multiple preequilibrium processes. The dampingaccounted for with MPE2 by second-particle preequilibrium
matrix element was taken as 140 MeWThe importance of  emission from the more complex particle-hole states.

multiple preequilibrium effects for calculatingn(xy) cross
sections at higher energies was established in a previous
analysis[1] of 2°72%%p(n,xy) reactions. Calculations using
the GNASH code are shown in Figs. 3—13 for two different  The results of this work, the measured and calculated ex-
options for modeling multiple preequilibrium emission: our citation functions of 21 transitions between low-lying levels
earlier[1] model(MPEJ), which determines the emission of in 11 different residual nuclei, are given in Figs. 3—13. Nu-
a second preequilibrium particle from the dominamtlh merical values of the experimental results are available in
states using an exciton model; and our more ref28itgen-  EXFOR format through the Nuclear Data Centdfl]. An
eralized multiple preequilibrium modéMPE?2), which de- overview of the analyzed transitions and the neutron energy
termines second-particle emission from all preequilibriumranges where cross sections could be determined is given in
particle-hole states. Comparisons of the predictions fronTable I. All experimental results are normalized to the results
these models with experimental emission spectra &l of the 14-MeV experimentsee Sec. I)l. We note, that the

V. RESULTS AND DISCUSSION



57 27Al(n,xy) REACTIONS FOR NEUTRON ENERGIE. . . 2421

1l L L TR 100 g 1 " ) M | I 1
[ 3 " 27Al(n,2n71)26A|
¢ ] E, = 416.9 keV |
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] E, = 793.0 keV o 3
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_ 1 ——————rr —
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~ 100 5
S 3 Neutron energy (MeV)
S
3 FIG. 4. ?Al(n,2ny)?%Al cross sections for the transitions with
2 10 416.9 and 829.4 ke\f-ray energy in?Al. Closed circles: present
S E experiment. Solid lineGNAsH calculations(MPEL). Dashed line:
3 GNASH calculations(MPE?2).
100 o
10 5
] 100 4 ]
{27 27
1 7 AI(n.py) Mg
100 1 E, = 955.3 keV
] 10 2
] E, = 3004.2 keV E
10 — - ———r
1 3 5 710 30 50
Neutron energy (MeV) 1 ' e ' Pt
2 190 L 9846 kev E
FIG. 3. 2Al(n,n’ y)?"Al cross sections for the transitions with E i -~ o e M ;
793.0, 1014.4, 1720.3, 2211.1, and 3004.2 keyay energy in <
27Al. Closed circles: present experiment. Solid lireasH calcu- = 3
lations (No difference between MPE1 and MPEDpen circles: o 103 { ff 3
Vosset al.[32]. Open triangles: Savist al. [33]. @ ] ﬁ
2 ]
relative intensities for the various cross sections measured at © 1
E,=14 MeV in the present experiment agree within the un- 1 e
certainty limits with the results of the independently per- 100 3 E, = 1697.9 keV 3
formed 14-MeV experiment. ] L) i
y-ray production cross sections from the interaction of ] at [
fast neutrons with aluminum were measured previously with 10 d ¢ i
high resolution in the energy ranges 0.8 to 13 M@&¥] and {
0.8 to 10 MeV[33] and for neutron energies around 14 MeV. ] -
A detailed discussion of the widely discrepant 14-MeV mea- .
surements is given in Ref8] and is therefore not repeated 1 S —_—
here. The results of Vost al.[32] and Saviret al.[33] who 1 3 5 7 10 30 50

had studied transitions iR’Al only are included in Fig. 3.
The results given by Vosst al. [32] are about 30% lower
than our measurements indicating differences in the absolute FIG. 5. 27Al(n,py)2’"Mg cross sections for the transitions with
normalization. The cross sections given by Satial. show  955.3,984.6, and 1697.9 kejray energy in"’Mg. Closed circles:
rather good agreement with our own data for the 1720.3-ke\fresent experiment. Solid lineNasH calculations(No difference
and the 2211.1-keV transition iR’Al, but are about 30% between MPE1 and MPE2.

Neutron energy (MeV)
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cross sections for the 1368.6-keV transition #iMg. Closed
circles: present experiment. Solid linewAsH calculationg MPEJ).
Dashed lineGNASH calculations(MPE?2).

Cross section (mb)

1000
lower for the 1014.4-keV transition. Such differences in the
relative intensities of transitions in the same residual nucleus
are difficult to understand as all normalization factors and
also corrections for finite sample-size effects should be ap-
proximately the same.

In Figs. 3—13 the results of the model calculati@ee
Sec. V) with the GNASH code using both models for multiple
preequilibrium particle emissiofMPE1 and MPER are
shown. There are no differences in the results for the two

Neutron energy (MeV) models for the §,n’y) and the @,py) reactions(Figs. 3
27 26 7 26 and 5. For these reactions the model calculations give a

FIG. 6. Sum of the A'(F‘vp”ﬂ Mg and “Al(n,dy)™Mg geasonable reproduction of the experimental cross sections
cross sections for the transitions with 1002.4, 1129.7, and 1808.6 . . .

. o6 . , . with deviations of about 20% which are to be expected for
keV y-ray energy in“°Mg. Closed circles: present experiment. h calculati
Solid line: GNASH calculations(MPEJ). Dashed lineGNASH calcu- suc ca_cu ations. . I

: The importance of the chosen multiple preequilibrium
lations (MPE2). ; ’ - .
model can be seen in the other figures, where differences in
the calculatedy-ray cross sectionG@nd radionuclide yields
for the two models are seen in some cases to be large, par-
ticularly for the (n,2ny) cross section§ig. 4). This is to be
expected since then(2n) cross section is particularly sensi-

100

10 30 50 100 300

J 5 L R . . . . ..
20 27Al(n.p2n')')2 Mg tive to reaction mechanisms which result in the emission of
2 Al(n,dn) Mg two fast particles, leaving the residual nucleus in a low ex-
10 7 1 citation state. In Fig. 4 it is evident that both the MPE1 and
7 ] 'H : MPE2 model calculations are in reasonable agreement with
= 5 {’ H}H{ {' the (n,2n+y) data for the 829.4-keV transition, but the MPE2
T:’ 5 ] £, = 389.7 keV { calculation underpredicts the measurement for the 416.9-keV
(<
5 2 b ,
5 20 ] ~ 100 5
2 E 5
2 10 4 ™ L hndt ] . L
o ; g ﬁH * .E ] gty ’"”Hig:
S ] \f?‘"‘ K3 1 ® 10 4 27 2—;“\\ 3
- { { {{ L ” E Al(n,2p3ny) " Na~,
3 A E, = 974.8 keV {}- g N 27A|(n,om'y)23Nu S,
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FIG. 7. Sum of the?’Al(n,p2nvy)?Mg and ?’Al( n,dnvy)?*Mg
cross sections for the transitions with 389.7 and 974.8 kedy FIG. 9. Sum of the?’Al(n,2p3nvy)?*Na and?’Al(n,any)*Na
energy in Mg. Closed circles: present experiment. Solid line: cross sections for the 440.0-keV transition?iiNa. Closed circles:
GNASH calculations (MPE1). Dashed line:GNASH calculations  present experiment. Solid lineNAsH calculationgMPEYL). Dashed
(MPE2. line: GNAsH calculations(MPE2).
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FIG. 10. Sum of the Z2Al(n,3p3ny)?Ne and

ZTAl(n,apny)?Ne cross sections for the 1274.5-keV transiton in ~ FIG. 12. Sum of the ZAl(n,3p5ny)®Ne  and
#Ne. Closed circles: present experiment. Solid ligsasH calcu-  27Al(n, ap3ny)®Ne cross sections for the 1633.8-keV transition in
lations (MPED). Dashed linesNAsH calculations(MPE2). 2Ne. Closed circles: present experiment. Solid liasasH calcu-

lations (MPE1). Dashed lineGNASH calculations(MPE2).
transition above 40 MeV. Possible reasons for the underpre-

diction by the MPE2 model calculation are discussed in morés a contribution from the sequential emission of three neu-
detail below. trons and two protons. While the calculations account for the
For the f,pny) cross sectiorfFig. 6) the model calcula- former mechanism, they underpredict the latter reaction
tion results using MPE2 again underestimate the measurezhannel. This is due to the calculations predicting the pres-
cross sections. For the 1002.4-keV transition there is a gerence of other competing decay channels that take away cross
eral disagreement of about a factor 2 between the experimesection from this channel. While we could have modified
tal and the calculated-ray production cross sections. The input model parameter§particularly level density param-
structures in the calculated cross section curves for neutroeters to enhance this decay channel and obtain an improved
energies above 150 MeV are caused by the numerical procagreement with the measurements, we did not do this be-
dures and can be removed at the expense of more computirguse of the advantages of presenting results of model cal-
resources. In the case of the,p2ny) and (h,p3ny) reac- culations using default input parameters.
tions(Figs. 7 and 8the calculations using MPE2 give higher  For the y-ray production cross sections of transitions in
cross sections in the peak region of the excitation functior?”Ne and?Ne (Figs. 10 and 1)ithe calculations using both
than our original preequilibrium modéMPEDL) but they are  preequilibrium models result in very similar excitation func-
lower for higher energies. The MPE2 calculations give ations. The overall agreement seems to be somewhat better
better reproduction of the experimental data for theusing the MPEL1 model. For the 1633.8-keMay transition
(n,p2n+y) reaction, whereas for then(p3ny) reaction the in ?°Ne (Fig. 12 there is good agreemefwithin the experi-
MPEL results agree with the experimental cross sections. Imental uncertaintigsbetween the experimental cross sec-
the case of the~ray production cross section for the 440.0- tions and the calculations using MPE1. The results obtained
keV transition in?*Na (Fig. 9), both preequilibrium models with MPE2 overestimate the measured cross sections. For
give similar results which show a strong disagreement wittthe y-ray production cross section of the 937.2-keV transi-
the experimental data for neutron energies above 40 MeMion in ®F (Fig. 13 there is disagreement between the
The observed shape of the measured excitation function aNASH calculations and the measured cross sections in the
the 440-keVy ray in #Na is due to two main reaction chan- neutron energy range between threshold and about 60 MeV.
nel contributions: at the lowest energies, with a thresholdlhis discrepancy is not yet understood.
energy of approximately 10.5 MeV, is a contribution involv-  As already mentioned in Sec. IV the more recent preequi-
ing a-particle emissior{(n,na) and (h,an) channel§ at  librium model (MPE2 uses more realistic assumptions on
higher energies, with a threshold of approximately 40 MeV,

2 2 N |
27 18
_ 100 . NP | . T ~ 27Al(r1,4p6n’)') 15
a 3 F £ 10 4 Al(n,a2p4ny) F :
E 1 i ; < 7 17 2a20n)"F { ﬁ -
5 103 3/ T Ai(n,3pany)’'Ne g 5]
i 27 21 ]
@ Al{n,ap2ny) Ne § 1€, = 937.2 keV
o |
5 E ,= 350.5 keV ©
1 b — — 1 —— L
10 30 50 70 100 300 10 30 50 70 100 300
Neutron energy [MeV] Neutron energy (MsV)
FIG. 11. Sum of the ZAl(n,3p4ny)?Ne and FIG. 13. Sum of the?’Al(n,4p6n7)8F, 27Al(n, a2p4n-y)*eF,
2TAl(n, ap2ny)?!Ne cross sections for the 350.5-keV transition in and 2’Al(n,2a2nv)®F cross sections for the 937.2-keV transition
2INe. Closed circles: present experiment. Solid liasasH calcu-  in ®F. Closed circles: present experiment. Solid liasasH calcu-

lations (MPE1). Dashed linesNAsH calculations(MPE2). lations (MPE1). Dashed linecNAsH calculations(MPE?2).
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10’ : ‘ FIG. 15. Neutron emission spectra in the 113 Mg¥ Al reac-
90 MeV Al(p,xp) tion. Solid line:GNAsH calculations(MPE2). Symbols: Experiment
o Wu (1979) of Meier et al. [37].

GNASH calculation (MPE2)
30°

significant decrease in the kinetic energy of the decaying
compound nuclei, so that the transformation into the labora-
tory frame should not lead to much forward-peaking in the
evaporation region. TheNAsSH model calculationgwhich
use the preferred MPE2 modelre seen to describe the data
fairly well, though the forward-angle proton spectra are un-
derpredicted by approximately 20—30 %. Likewise, Fig. 15
shows the Los Alamos Meiegt al. [37] data for the 113-
MeV Al( p,xn) reaction compared with our calculations, and
again the agreement between calculation and measurement is
good. But these figures do show a tendency for an overpre-
FIG. 14. Proton and neutron emission spectra in the 90-MeWiction of evaporation neutrons and protons, which suggests
p+Al reaction. Solid line:GNAsH calculations(MPE2 models  that the calculated preequilibrium emission may be underes-
Symbols: Experimental,xn) data of Kalendet al. [34] (upper timated(more high-energy ejectiles leave less energy for se-
figure); experimental p,xn) data of Wuet al. [35] (lower figure.  quential equilibrium decaysHowever, with the exception of
the 90-MeV proton emission spectrum, the preequilibrium
the emission of the second preequilibrium particle than thespectra appear to be described well with theasH MPE2
original one(MPEJ). To better understand the role of mul- model.
tiple preequilibrium reactions, we show the calculated angle- Table Il shows that the calculated integrated cross sec-
integrated neutron and proton emission spectra following 90tions for secondary particle production for various emission
MeV protons incident on Al, compared to the data of Kalendmechanisms agree well with the W al. data[35] for 90-
et al. [34] and Wuet al. [35] in Fig. 14 (such data for inci- MeV p+Al. The good agreement between theory and ex-
dent neutrons do not exjstAngular distributions for the sec- periment for proton emission may be somewhat fortuitous,
ondary ejectiles in the calculations were obtained using thaince Fig. 14 suggests that a theoretical underprediction in
Kalbach systematicE36], and the results transformed into preequilibrium emission is compensated by an overpredic-
the laboratory frame assuming two-body kinematics. In facttion in equilibrium emission. The importance of preequilib-
the forward-peaking exhibited in the evaporation regimerium deuteron emission, which is included in our calcula-
which comes from the center-of-mass system to laboratoryions, is also evident.
system transformation, is an artifact due to this assumption. Given the reasonably good description of emission spec-
In reality, the preequilibrium ejectiles, which are generallytra obtained with MPE2, described above, how can the
emitted with high energy in the forward direction, lead to aMPE2 model’s failure to describe the measurad2(y)

d°6/dEdQ (mb/MeV sr)

0 20 40 60 80 100
Emission energy (MeV)

TABLE lIl. Secondary particle productioin mb) for the 90-MeV p+ Al reaction, compared with
experimental results of Wat al.[35].

GNASH Calculations(MPE2)

Primary Multiple Experiment(Wu et al)
Ejectile preequilibrium preequilibrium Evaporation Total 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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(E,=416.9keV) cross section above 50 MeV be under{38,39, and by Sistersoat al.[40]. For thep-+*’Al reaction

stood? Since the multiple preequilibrium model is statistical®t 90 MeV (one of the incident energies discussed above
in nature, and the processes that contribute to then(y) these authors measure radionuclide production cross sections

: . 26 .
cross section are only a small subset of all the multiple emis(-)f approximately: p,pn+d) <Al production: 52 mb

H 24 : .
sion processes observed in the emission spectra, perhaps éf?é\‘ASH predicts 60 mh (p,3pn) “Na production: 11 mb

= : ” GNASH predicts 9 miy and (p,3p3n) 22Na: 21 mb(GNASH
(n,2n) reaction is particularly sensitive to nuclear structure redicts 21 mh Thus, excellent agreement is obtained be-

details and would be better described by a knockoUyyeengnasH, using MPE2, and the experimental data. In
distorted-wave reaction theory. particular, the p,pn) cross section comparison, which is

A final piece of evidence that is relevant to this discussiomparticularly sensitive to multiple preequilibrium modeling,
is measurements of radionuclide production cross sections isupports the applicability of the MPE2NASH model, in con-
proton-induced reactions, by Michel and collaboratorstrast to our presentn(2ny) measurements.
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