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Reaction mechanisms of fast neutrons on'V below 21 MeV
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Cross sections of théV(n,p)%'Ti, 5V(n,a)**Sc, and"V(n,xa)*'Sc reactions were measured in the
energy range from 11.7 to 20.5 MeV. The measurements for the latter reaction establish for the first time a
consistent excitation curve. The present data for the) process connect the measurements around 14 MeV
with the recent data set above 17 MeV. The shapes and magnitudes of the three excitation functions from the
reaction thresholds up to 21 MeV, as well as the ones for the competing reaction char(mePn)5%, are
described by model calculations using a consistent parameter set. The agreement between experimental and
calculated data is, in general, good both at the maxima and at the tails of the excitation functions. In contrast
to earlier studies, the major contribution to tF/(n,xa)*’Sc cross section at 14.8 MeV incident energy is
attributed to the®®/(n,a)*’Sc reaction; at energies above 15 MeV f¥(n,n’ «) process is dominant.
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[. INTRODUCTION The modeling of the present work concentrates on a good
description of the neutron-induced reactions on vanadium
Measured data of fast-neutron induced reaction cross sewvithin the approach outlined above. No analysis was at-
tions are of considerable interest in testing nuclear modelsempted of experimental data for similar reaction channels
Relatively few measurements have been done above the ign neighboring nuclei, such as the, &) reactions orf®°Crj
cident energy of 15 MeV and the scatter around 14 MeV isand >Cr [1,14).
often large[1,2]. Here, new measurements are presented for vanadium alloys have long been considered as fusion-
the "V(n,xa)*’Sc and *V(n,a)**Sc reactions between reactor structural materials for their low-activation proper-
11.7 and 20.5 MeV, and for the*V(n,p)®'Ti reaction at 15 fjes. Structural materials studied for fusion reactors are now
and 16.1 MeV. The new data for t11V(n,xa)*'Sc reaction  aiso being considered for ADS. Since gas inclusions are det-
are the first that establish an excitation curve over this energymental to mechanical stability, a good knowledge of gas
range which is consistent with nuclear models. producing reactions lik€V(n, a)*8Sc, "V(n,xa)*’Sc, and
With the new measurements vanadium is now an excel51v(n,p)51-|—i is needed[15]. A particular problem that
lent test case for nuclear models in the neutron energy rangémerged recently concerned the measured activit/®€ in
up to 20 MeV. Experimental results are not only available foryanadium alloys that were irradiated with fast neutrons of
the above-mentioned reaction channels but also for the tot@ergies characteristic for a fusion reactor. These measured
cross section, elastic, and inelastic scattering cross sectiongetivities were much less than those predicted Hyeaor-
and the®V(n,2n)%% cross sectior3—8|. Measured emis- malized model estimate of thé®\V/(n,xa)*’Sc cross sec-

sion spectra for protons, neutrons, and alphas are availablgyy This triggered the present measurements since the
around 14.5 Me\{9,10]. In addition,s-wave resonance spac- eyisting experimental information for this reaction was
ing information is available from neutron and proton induced;consistent and could not be used to resolve the
reactiong11,12. _ __discrepancy16].
The second part of this work explores the possibility of - The measurements are described in Sec. Il. The main as-
describing the new and the existing experimental information_:,umptiOnS involved in the PE and Hauser-Feshliat) sta-
up to 20 MeV with a consistent set of parameters. To accounfstical model calculations and the parameters chosen are dis-
for the reaction channels that are open the direct, preg ssed in Sec. Ill. The experimental data and their
equilibrium (PE) and statistical processes should be considinterpretation are discussed in detail in Sec. IV. The conclu-
ered. Among them, PE emission is important for the descripsjons of the work are given in Sec. V.
tion of the data of ther(,x) reactions in the energy range
15-21 MeV. This is demonstrated here in the context of the
geometry dependent hybrid mod&EDH). One may note
that PE emission becomes more important at higher energies,
e.g., for development of accelerator-driven systdmbS) Measured cross sections were determined by the well
[13]. Therefore any improved understanding of PE processeisnown activation method. Two different experimental facili-
in the energy the range of 15-21 MeV will be useful in ties were used to perform the irradiations. The irradiation at
making the higher energy calculations more reliable. 11.7 MeV was performed in"llah while the energy range
from 13.4 to 20.5 MeV was covered with irradiations done in
Geel. The method that was applied closely follows that de-
*Corresponding author. Email address: arjan.plompertailed in Ref.[2] in the case of the Geel irradiations and in
@irmm.jrc.be Ref.[1] in the case of the Jigh irradiation.

Il. EXPERIMENTAL METHOD
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A. Samples and irradiations lations was determined with the aid of the programemA

Samples consisted of natural vanadium with an isotopich@t is based on the reaction tables of R24] and the stop-
composition of 0.25%5V and 99.75% 5% [17]. The ping powers of Ref[25]. Corrections for multiple scattering

samples were prepared by punching discs of 10 and 13 mifre maximum at 4 MeV |nC|d§nt desléteron energy and in that
diameter and 350—45@m thickness from metallic vana- C&S€ amount to 7% for the&Ni(n,p)**Co and less than 2%
dium sheets. One to four of those were sandwiched betwedf" 1€ remaining reactions. s o
two Al foils of the same diameter for neutron flux monitor- "€ Well-known monitor reactior?’Al(n, a)*Na [26]
ing. Additional Fe, Nb, and Ni foils were also attached inWas used to determine the neutron fluence for therf and
order to check the results from the Al monitors. (n,n"@) cross section measurements. In the case of the
At the variable-energy Compact-Cyclotron CV-28 at FZ (n,p) reaction, where the irradiation time was too short to
Julich, an irradiation with quasi-mono-energetic neutrons ofbuild up enough*Na activity, the #’Al(n,p)?"Mg reaction
11.7 MeV was performed using th&H(d,n)3He reaction was used as reference. After this short irradiation a second
(Q=3.269 MeV) with a D gas targe{DD neutron field.  run was performed under the same beam conditions and with
The details of the neutron source are described in Refghe same sample geometry, but long enough to build up
[18,19. The samples were mounted together with the referenough activity from the?’Al( n,a)?*Na reaction. Using the
ence foils at 1 cm distance from the end of the beamstodongcounter for normalization the flux could be extrapolated
The irradiation was done in the 0° direction relative to thefor the short run. The flux values from both reactions agreed
beam with a deuteron energy of 9 MeV and a beam currenwithin the uncertainties.
of about 4 wA. In order to be able to correct for background ~ The *%Fe(n, p)®*Mn and ®*Nb(n,2n)®"Nb reactions were
neutrons from interactions of the deuterons with structuralised together with time of flight measuremeit©OF) to
material of the gas cell two irradiations were necessary. Oneorrect for low energy neutrons originating from the target
was performed with a filled cellgas i and one with an (Geel irradiationg27]). For the experiment at lloh also the
empty cell (gas ouf, but otherwise with exactly the same D(d,pn) breakup reaction had to be taken into account,
geometry and beam conditions. The beam current was rewhich is the only remaining substantial source of low-energy
corded with a charge integrator. neutrons after application of the gas-in/gas-out procedure
Measurements between 13.4 and 20.5 MeV were pei28]. The corrections are readily calculated based on the
formed at the 7 MeV Van de Graaff accelerator in Geel usingvell-known spectrunisee above
the 3H(d,n)*He reaction Q=17.59 MeV) with a solid- Both in the Geel and lJich cases, the corrections for
state Ti/T target (1.923 mg/cnthick) on a silver backing background neutrons require excitation curve shape data.
(DT neutron field. For energies above 16 MeV the samplesThese are taken from experimental data supplemented with
were irradiated in the 0° direction at 1 cm distance usingSTAPRE calculations.
deuteron beams of 1, 2, 3, and 4 MeV. The angular distribu- The magnitude of the corrections for low energy neutrons
tion of the DT neutron source reaction was used to cover th the case of the DT field increases with incident deuteron
energy region between 13.4 and 16.3 MeV. The samplesnergy and depends on the threshold of the reaction. The
were irradiated at angles between 65° and 120° relative toorrection for Nb was negligible, while it was up to 50% for
the deuteron beam and a distance of about 3—4 cm betwedti. For the 2’Al(n,«)?*Na reference reaction a maximum
the center of the target and the front of the sample. A long€orrection of 15% had to be applied for 4-MeV deuteron
counter operated in multichannel-scaling acquisition modenergy. In the case of the vanadium reactions this correction
was used to record the time profile of the neutron flux duringwas less than 2% due to the higher effective reaction thresh-
the experiment. Corrections for time-dependent fluctuationslds for the™V(n,xa)*'Sc and®*V(n, a)*8Sc reactions and

are made following Ref.2]. due to the absence of large low energy neutron contributions
for the present measurements in the case oPtlén, p)°*Ti
B. Mean neutron energy and background fluence reaction. In the case of the DD field the correction for

break t igible.
The Monte Carlo programEeuT_HAv [20,21] was used to reakup neutrons was negligible

calculate the average neutron energy and the neutron spec-
trum for each sample in the DD neutron field. This code
takes into account the energy loss, energy spread, and angu- Standardy-ray spectroscopy was employed for the mea-
lar straggling of the deuterons in the entrance window of thesurement of the radioactivity. Three lead-shielded HPGe de-
cell, the neutron production within the volume of the gastectors were used which were connected to personal com-
cell, the angular distribution of th&H(d,n)3He reaction, the puter data acquisition systems via separate analog-to-digital
breakup of the deuterons in the, Das according to the re- converterSADC's). The detectors in Jich were controlled
sults from Ref[22], and the activation geometry. The main with the softwareGAmmAvISION supplied by EG&G Ortec

DT neutron spectrum and the low energy background resultwhereas in Geel the S100 system of Canberra was used. To
ing from multiple scattering in the Geel irradiations were obtain maximum counting statistics, the monitor foils were
calculated with the Monte Carlo codecNp [23], taking into  placed directly on the detector cap. For all detectors the pho-
account the sample geometry, the TiT target and silver backopeak efficiency was determined using calibrated standard
ing, the last part of the beamtube and the sample h@/ler  sources, supplied by PTB, Braunschweig, Germany and
The neutron source description that was input in these calcl>AMRI, Gif-sur-Yvette, France. An analytical functidi29]

C. Measurement of radioactivity
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TABLE I. Decay data of measured reaction produtaken from Ref[31]). All products show 10098~

decay.

Reaction Half-life Reaction Q value y-ray y-ray Summing

product (MeV) energy(keV)  abundanc€%)  correction

43¢ 3.3492(600 SW(n,n'a) —10.291 159.4 68(@) 1

50V/(n, ) 0.761

483¢ 43.67(9h SV(n,a) —2.058 175.4 7.48.0) 2.31(13)
983.5 100.16) 1.567)
1037.5 97.67) 1.567)
1312.1 100.07) 1.667)

51 5.76(1) min  5V(n,p) —1.688 320.1 93.®) 1.0024

8Taken from Ref[2].

was used to describe the measured calibration points. Sin¢88]), and a revised formula for the particle-hole level den-
corrections for coincidence summing effects were needed fasity p(p,h,E) (subroutine PLD[39,40)). Here GDH intra-
some cases the total efficiency was determined as[@@)l  nuclear transition rates are calculated on the basis of the
In the case of*3Sc the summing corrections were checkedaverage imaginary optical-model potenti@MP). The only
experimentally and foP'Ti taken from the literaturé2]. The  free parameter is the-particle preformation probability. For

values are summarized in Table |. Further corrections wergnis quantity a value of 0.25 was taken from systematics for
applied fory-ray abundancey-ray self-absorption, and the this A range[41].

sample geometry.

IIl. NUCLEAR MODEL CALCULATIONS 3. Equilibrated statistical emission

Often, experimental data do not impose sufficient con- The nucleon,a-particle, andy-ray-emission by equili-
straints on the PE and HF statistical models. Most data coultrated excited nuclei were described with the statistical
be reproduced equally well in terms of different approachesauser-Feshbach model following UR2]. The optical-
by adjustment of parameters, even of so-called “parametemodel transmission coefficients have been calculated by the
free” models[32]. This is due to the different treatment of codescar2[43].
the special PE parameters and thexternalones which de- The level density description was split in four excitation
scribe general nuclear quantiti€33]. In order to diminish  energy regions. In region I, discrete levels were used from
these effects we have looked for a consistent set of externghe ground state to an excitation enefgy of Eg4. In region
parameters based on different types of independent expefjr from E* —E, to the neutron binding energg* =B, the
mental data. A second point of model consistency lies in th%ack—shifted Fermi-gas model was ugdd]. In region IV

Various processes in the ramework of the directinterastionP0VeE” =15 MeV, the washing out of shell efects was

pre-equilibrium, and compound-nucleus statistical models treate_d with the well-known expressiésee, e.g., Ref45)). .
' " In region Il betweerE* =B,, and 15 MeV, a smooth transi-

tion is made between regions Il and IV.

A. Nuclear models

1. Direct inelastic scattering B. Model parameters

Neutron inelastic scattering is the only direct interaction
which is taken into account. The distorted wave Born ap- 1. OMP parameters

proximation(DWBA) has been used to describe neutron di- For th ¢ h | a local OMP N ¢
rect inelastic scattering on the discrete excited levels of the or the neutron channel a loca parameter set was

target nucleus, with the computer code/uck4 [34]. The used i_n the_ calculation. The startir_mg point was &f.of Ref.
weak coupling model was adopted for the odd nuclels [4] which gives an accurate des<_:r|pt|on of th_e resonance o!ata
using the excitation energies of the first 23~, and 4* and the neutron total cross section date} available at that time
levels of 5°Ti [35], and the corresponding deformation pa- (SPRT method 46)). _Meanwhlle new h|gh-rgsolut|on neu-
rameter values of 0.15, 0.09, and 0.15. tron total cross sections haV(_a become availdble These
data, averaged over 200-keV intervals are compared to other
experimental dati4,47] and with the optical models of Ref.
[4] and of this work in Fig. 1. The OMP of the present work
The PE cross sections have been calculated with the geimproves the description of the minimum between 0.5 and 1
eralized version[36] of the geometry-dependent hybrid MeV, the maximum around 3 MeV, and the decrease above 8
(GDH) model [37], which includes a-particle emission, MeV by a small change of the imaginary-potential diffuse-
angular-momentum conservatiGtomputer codsTAPRE-H95  ness of the OMP of Ref4],

2. Preequilibrium emission
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FIG. 1. Comparison of experimental and calculated total cross g 2. Comparison of the measured and calculated reaction
sections of vanadium, by usir_lg the_OMP parameter set given by Eqqss sections for the reactidfTi(p,n)*3V in the energy range
(7) of [4] (dashed curveand including the presently modifietly  apove the threshold by using the OMP parameter sets of Hetrick
.(SO|Id curvg. The experimental data are averaged over a 200-ke\g; . [54] for proton energies below 5 MeV, and the global param-
interval. eter set of Kailaset al. for higher energie$52] (solid curve, as
well as the latter parameter set over the whole energy radeghed
ayw=0.24+0.0%, E=<4 MeV, curve.

1) description of the experimental data in this energy range
validates the adopted charged-particle optical model poten-
tial (see Sec. V.

0.20+0.06E, 4=<E=<6.2 MeV,

0.76-0.02E€, 6.2<E<10 MeV,
2. Nuclear level density parameters

0.47, E=10 MeV. a. Low excitation energiesn region I,Ny discrete levels
were usedsee Table Ii. For region Il the level-density pa-

The corresponding-wave strength function valug,=6.1  rametera and the back-shifA of the BSFG model were
X 10 * is in good agreement with the experimental valueObtained by a fit of experimental low-lying discrete levels
(6.9+2.4)x 1074 [6]. and average measureslvave nucleon resonance spacings
The proton OMP was chosen by comparison of the calcuPo- FOr nuclei without experimentatwave resonance spac-
lated reaction cross section with the available data for théngs the level density parametarat the binding energy was
“8Ti(p,n)*3V reaction in the incident energy range from 4.9 obtained using the smooth curve metl&6] and the avail-
to 8.9 MeV (Fig. 2 [48-51)). The best agreement was ob- able experimental information for nuclei with 41A<58.
tained with the global parameter set of Kaikssal. for pro- ~ The above determination o and A was done after the
ton energies higher than 5 Me2], and the global param- model for the moment of inertia was fixed and the result is
eter set of Pere53] with the asymmetry dependence of Ref. given in Table L.
[54] below 5 MeV. Use of the OMP of Kailast al. in the For the moment of inertig recent analyse€$7,58 prefer
whole energy range leads to higher,i6) reaction cross sec- half the rigid rotor moment, (we assume,=1.25 fm). In
tions due to lowels-wave transmission coefficients for pro- the case of'V experimentals-wave resonance spacings
tons below 5 MeV, i.e., in the exit channel. [11] andD{ [12] are available from proton induced reactions
The optical model potential for calculation ef-particle  on °°Ti and from neutron induced reactions 8fV. Since
transmission coefficients was established previously byhe target nuclei differ by six units in spin, these resonance
analysis of the experimentah(a) reaction cross sections spacings are sensitive to the adopted moment of inertia. Fol-
just above the effective Coulomb barri&i5]. lowing the method of Refl59] a value ofl/I,=0.75*+0.06
Finally, the charged-particle transmission coefficients in-s obtained. Moreover, following theoretical predictiqesy.,
volved in this work have been checked by looking for a goodRefs. [58,6(0) we have adopted a variable ratidl, that
description of the®V(n,p)°!Ti and *V(n,a)*Sc reaction ranges from 0.5 at the ground state energy to 0.75 at the
cross sections, for energies between the threshold aruinding energy and 1 at 15 MeV, while remaining constant
~3.5 MeV above the threshold, where their effect is largestabove.
The nuclear level density of the corresponding residual b. High excitation energiesAt excitation energies above
nucleus plays no role in this energy range and the prethe binding energy it is necessary to incorporate the washing
equilibrium processes are not yet present. Therefore a goaaut of shell effects in the level density parameters with ex-
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TABLE II. Discrete-level numbeNy up to excitation energf4 [31], used in Hauser-Feshbach calcula-
tions, and the low-lying levels argwave nucleon-resonance spacimf§® in the nucleon energy rangeE
above the respective binding enefgyfor the target-nucleus ground-state shjnfitted in order to obtain the
BSFG level-density parametarand ground-state shifi (corresponding to a spin cutoff factor calculated
with a variable moment of inertia between the half and 75% of the rigid-body value, for the excitation
energies from g.s. to the nucleon binding energy, and the reduced raeius25 fm).

Fitted level and resonance data

Nucleus Ng Eq Ny Eq Bt AE 1 Dg*P a A
2
(MeV) (MeV) (MeV) (keV) (Mev™Y) (MeV)
52y 24 2169 24 2.17 7.361 712 4+10.62 6.05 —1.55
4.5+0.5°
51y 28 3577 28 3.58 10.646 0 790.6¢ 5.68 —0.50
11.071 6 2.36:0.602
2.15+0.27°
51 22 4.187 22 4.19 6.565 0 125702 6.06 0.56
84.8+24.4°
S0y 32 2.162 44 2.53 5.90 —1.88
507; 19  4.940 19 4.94 10.059  7/2  4.60.802 5.55 1.20
4.75+0.37°
505¢ 15 3.510 19 3.73 5.90 0.40
483¢ 28 2.811 46 3.39 515 —1.67
RSTS 19 2.410 19 2.41 560 -—1.35
4ica 18 4.205 18 4.20 5.10 0.20

8RIPL Obninsk file[12].
PRIPL Beijing file [12].
‘Referencd11].

citation energyE*. For region IV we use the analytical ap- IV. RESULTS AND DISCUSSION
proach given in Ref[45] with the following modifications.
We adoptA/9 MeV ! for the asymptotic level density pa-
rameter based on recent microscopic results arcurd0
[61] and A~100[62]. The shell correction energy is deter-
mined from the condition that the entropy at the binding,[h
energyE* =B,, must be continuous when determined with
the BSFG model and with the expression in Refb] by
means ofa.s=S%(4E*). This method is similar to that of

The experimental results of this work are presented in
Table Ill. They are shown graphically in Figs. 3, 4, and 6
together with the experimental results by others.

The main experimental contribution of this work concerns

e measurement of th&V(n,xa)*'Sc cross section, which

consists of contributions from theV(n,n’@)*'Sc and

S0v/(n,a)*'Sc processes. An excitation curve is established
) . . for the first time and it is in agreement with the good quality

Koning and Chadwick63]. The resulting values for the shell _

correction energy differ by up to 2 MeV from the micro- data recently measured around 14 Mg§8—71. It also

scopic correction of Miter et al. [64]. This difference is TABLE Ill. Measured cross sections for tH&V(n,xa)*'Sc,
typical of that obtained using different mass formul&s].  *'V(n,«)**Sc, and*V(n,p)*'Ti reactions.
The procedure followed leaves a residual discontinuity of the

level density at the binding energy. The discontinuity isNeutron energy Cross sectigmb)
eliminated by interpolation in region lIl. Finally, in the ana- (MeV) "“V(nxa)*’sc V(n,a)*sc *V(n,p)>Hi
Iytic expression _fora in _reg_ion IV we adopted a n_ormaliza- 11.7+0.2 0.055 0.005 8308
ggng;ﬁigfecnve excitation enerdyto the energies of the 13.440 1 0.094-0.010 14.4-1.2
’ 13.9+0.2 0.086=0.005 15411
14.3+0.2 0.089:0.006 14.221.2
E= E*+12//A, odd-odd, E in MeV, 15.0+0.2 0.14-0.01 18.2-1.7 26+ 2
16.1+0.2 25t2
16.2-0.2 0.4G:0.02 19.8-1.8
E*, odd-A, (2 18.0=0.1 4.0£0.2 21.x138
19.3+0.1 10.8:0.6 19.8:1.8
20.5+0.1 17.3:1.3 14.6:1.6

E* - 12/\/K, even-even.
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FIG. 3. Comparison of experimental and calculated excitation
functions of the reactiod™®V(n,xa)*’Sc (solid curve. The latter
was obtained as the sum of contributions of f&(n,n’ «)*'Sc
reaction(dashed curjeand 0.25% of®®(n,«)*’Sc reaction(dot-
ted curve. The highest energy open diamond is from R66], the
remaining open diamonds are from RE§7].

FIG. 5. Comparison of experimentd] (histogram and calcu-
lated(solid curve angle integrated-particle emission spectra from
14.8 MeV neutron-induced reactions ofV. The contributions
from PE emissiondashed curveand statistical emissiofdotted
curve are shown.

shows the appropriate threshold behavior for the dominaniRef.[72]. This is probably due to improvements in the stan-

reaction channel. Our work is at variance with the earlierdard (reference cross sections. In general, the agreement of

data of Ref[67]. Over the whole energy range studied here,the new measurements for théV(n,a)*®Sc reaction with

the cross section for the production 6fSc from "V is the existing data is good for the given uncertainfié3].

much lower than that suggested by this earlier measurement Only two data points were added to the recent measure-

above 15 MeV. ments by Fessleat al.[2] for the **V(n,p)>!Ti reaction. The
Cross sections were also obtained for f¥(n,«)*Sc  energies were chosen to establish if those recent measure-

reaction. Above 18 MeV these provide the second measuranents should be extrapolated to the higher or the lower set of

ment of this cross section. In that energy range our measureross sections determined previously at 14 MeV. The new

ments suggest values slightly higher than those reported idata agree within the uncertainties both with the results of

0.025 . : . . 10°
0.020 | .
10°
0.015 | b Paulsen et al. [72] ]
— [ a Zupranska et al. [73] -4
o) A . 410
~ L v Smith et al. [74]
o) 0.010 I o lkeda et al. [75]
[ o Lu etal [76] 1
0.005 [ a Doczietal. [77]  } 10
[ % Filatenkov et al. [78] ]
[ e This Work
0_000 M M 1 L 1 M 10'6
6 7 8 9 10

E_ (MeV)

FIG. 4. Comparison of experimental and calculated excitation functions fot'te, «)*®Sc reaction. The present model is given with
the modified spin assignments to first and excited let@id curve, and with the spin assignments of RE81] (dashed curve Calcula-
tions with the McFadden and Satchler potenf&8] are given by the dotted curves.
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FIG. 6. (a) Comparison of experimental and calculated cross sections for the redddom, p)°'Ti by using the present modésolid
curve), the pure Hauser-Feshbach statistical mddakhed curve and the pure HF statistical model with level density parameters corre-
sponding to a smaller average neutron-resonance spa&Jrgp9 keV (dotted curve (b) Also shown are calculations with the exciton
model with three choices for the average effective matrix elenfeMt=500 (dashed curve 700 (dotted curvg, and 1100 MeV (dash-
double-dotted curve

Fessleretal. [2] and with the measurements reported incalculation and the data for th&'V(n,«)*Sc reaction is
Refs.[74-79,8]. A discrepancy is, however, observed with seen to be good. It may be noted that the data below 10 MeV
the higher cross section data of RES0. are particularly insensitive to the level density model of the
Itis clear that now a firm experimental database exists fofesidual nucleus and have only a slight sensitivity to the level
the cross sections of the dominant neutron, proton, and alphgensity of the neutron emission channel. For this reason
emission channels. The only exception is #é(n,n'p)*Ti  these data were previously used to establish the OMP for
process. Around 14.5 MeV these data are complemented by_particle emissiofi55]. However, the present model for the
emission spectrg9,10]. The rather complete data base sug-moment of inertia affects the neutron-channel level density
gested a careful model analysis which is compared to th@, 3 more important way than was recognized in R&%]. If
data and discussed in detail in Sec. Ill A for thXa) re-  one determines the BSFG parameters by fit to the experimen-
actions, in Sec. Il B for ther{,xp) reactions and in section tg| data using as an alternatiVd, =1 or 1/1,=0.5 then the
C for the (n,xn) reactions. resulting cross section changes by 45% in this energy range.
For the present assumption for the moment of inertia, the
results of the OMP’s of Refd55,83 are compared to the
data below 10 MeV in Fig. @). Clearly the agreement is not
Clearly the trend of our new measurements for thevery good. Above 7.5 MeV the OMP of Ref55] agrees
nal/(n,xa)*’Sc cross section is rather well described by thebetter with the data. Below 7.5 MeV the OMP of RE§3] is
model calculation. The calculation shows that thefavored, however, the latter potential was found to be unsat-
®ly/(n,n’ @)*'Sc reaction cross section dominates above thésfactory when the entire energy range was considffégl
incident energy of 15 MeV, where it is an order of magnitude4(a)]. No reasonable change to the level density model could
higher than the cross section of tA&/(n,a)*'Sc reaction change this conclusion so that the OMP of Ré&5] was
multiplied by the natural abundance &V (Fig. 3). There- taken for all the final calculations of the alpha emission re-
fore both the previous data around 14.8 ME88—70 and  actions. To improve the agreement with the data below 10
the measurements carried out in this work at energies beloMeV one may finally consider the level scheme“88c. To
15 MeV correspond to the latter reaction. This conclusion igudge the impact of the level scheme the spin assignments
supported by the®V(n,a)*'Sc cross section value deduced for the first and second excited level were altered, from 5 and
from the systematics at 14.8 Mg82]. The model estimate 4, respectively, to 4 and Z, consistent with spectroscopic
for the >%(n,a)*’Sc reaction is somewhat lower than the information[31]. As seen from Figs. @) and (b), this con-
data between 13 and 15 MeV. siderably improves agreement with the data between 8- and
From Fig. 4a) the overall agreement between the model10-MeV incident energy.

A. The (n,xa) reactions
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FIG. 8. Comparison of experimental and calculated cross sec-
tions of the reactior?V(n,2n)%%. The solid line gives the result of
10" the model calculation.

B. The (n,xp) reactions

Figure 6 shows that the excitation function of the
FIG. 7. Comparison of experimentf®] and calculated angle- 51y/(n, p)51Ti reaction is described rather well by the present
integrated proton-emission spectra for 14.8-MeV neutron-induced,gqel calculation. Slight discrepancies exist. Between 4.5
reactions on®V (histogram: experiment; solid line: calculatjon and 7 MeV the model estimate is below the measured data.
The various contributions are from PE emissi@urve 3, first- 1,4 jikely this is due to some of the spin and parity assign-
proton statistical emissiofcurve 2, and second-proton statistical ments of the 22 discrete levels used fi. Between 9 and
emission(curve 3. In the inset are shown the cumulative number of 10 MeV the model has to make the bes.t of the slight mis-

the low-lying levels[31] (histogram of the residual nucleus*Ti )
for the (n,p) reaction, versus the excitation energy, and the corre-rn"thCh in the measured data of R¢f&4,81 and at 20.5 MeV

sponding curve given by the level density parameters involved ir{he model estimate is slightly higher than the data of F2f.

the model calculation¢dashed in the region of the discrete low- Prgequilibrium emission is particularly irr!portant for this
lying levels used in HF calculation reaction and the GDH model performs well in this case. The

importance of preequilibrium contributions is demonstrated
. . in Fig. 6@ where two Hauser-Feshbach calculations are
For the preequilibrium treatment within the GDH model, gpqyn without preequilibrium contributions included. The
the alpha particle mean Fermi energy was taker#&R,) first calculation uses the level density parameters of Table II.
=4F,(R)) [48], contrary to earlier worK36,84. Through  The second uses a modified level density parameter and
the connection with the nucleon local Fermi enefgy(R)) back-shift for the residual nucleus. In particular, the_ wi_dth of
this enables surface effects for theparticle. Thus the partial (€ €xcitation curve cannot be reproduced. PE emission was
wave with| =6 # starts to contribute at the incident energy &S0 calculated with the exciton modei2] and three values
~12.7 MeV and gives rise to a stronger slope, whereas thf?" the average effective transition matrix eleméifite pa-
next partial wave does not contribute directly below 21 Mev.f@meterEM). Broader excitation functions result compared

The small dent seen in the calculated cross section arourfd the Hauser-Feshbach calculations. However, the trend of
15.8 MeV[Fig. 4] is due to the increase of the nucleon PEth_e data above 15 MeV is not reproduqed and the agreement
emission by thd =57 partial wave. These preequilibrium with the data between 7 and 9.5 MeV is worse compared to

effects help to establish good agreement with the measurdf® calculation with the GDH modgFig. 6@)]. o
data. The energy dependence of the preequilibrium contribution

The analysis ofr emission is completed by a comparison given by the GDH model is influenced by the successive

of the calculated and measurkd] angle-integrated emission o_p(_anings qf partial wave contributions. The Iatter effect is
spectra from 15 MeV neutrons oHV (Fig. 5). The experi- y|S|bIe in Fig. 6 arqund .16 MeV. To understand this plateau
mental data are given in the laboratory system, so the con” the calculation it is important to remember the surface
parison should be done after transformation of the measuregf€Cts Of the GDH model. These result from the surface-
data to the center-of-mass system. This transformatioR€aked imaginary OMP and the use of reduced local-density
causes a shift of the measured data between 0.5 and 1 Mdvwermi energies=;(R)) in the finite-depth correction of the

to higher emission energid85]. Taking this into account, partial level densitiesR, =[x [40]). In the present case it is
the general agreement of experiment and model calculatiothe| =5# partial wave for which(R,) just crosses the first

is good. The experimental integrated cross section is 1Tole average excitation energy resulting in a sudden increase
+3 mb while the calculated one is 17.3 mb. of the PLD. Therefore the PE contribution rises suddenly
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10° [ : . levels in the first MeV above the ground state. Even so, high

i X 51 , population of the ground state is not common mg) reac-
V(n,xn’) tions. It is, for instance, absent in the case *Ti(n,xp)

1 E.=14.1 MeV [86]. Moreover, two other measurements foiNb at 14.1

WY MeV incident energy{ 87,88 display the usual continuously

/% "W, o Takahashietal [10] decreasing shape approaching the ground state of the re-
' ) sidual nucleus for then;p) reaction. Therefore there are too

many question marks in order to derive definite conclusions

on the high energy end of this proton spectrum.

do/dE (b/MeV)

C. The (n,xn") reactions

o Two experimental cross-section sgts8] are available for
, the reaction®V(n,2n)%%. They cover adjacent incident en-
8 12 ergy ranges with overlap at only one energy. At this energy a
E (M eV) slight mismatch is observed; in general, however, a smooth
n trend is seen given the stated uncertainties. The calculated
FIG. 9. Comparison of experimentgl0] and calculated angle- €Xcitation function(Fig. 8) describes both data sets rather
integrated neutron-emission spectra for 14.1 MeV neutron-induce/€ll. The plateau caused by the onset of the PE contribution
reactions orP'V. The full calculation is given by the solid line. The corresponding to the partial wave witkr 57 is less apparent
various contributions are from PE emissi@urve J), first-neutron  than that for the i, p) reaction because of the indirect effect
statistical emissiorfcurve 3, and second-neutron statistical emis- of PE emission on then(2n) reaction. Actually the total PE
sion (curves 3. emission, of which over 80% is formed by neutrons, is not
o ] greater than-28% at the highest incident energy of 21 MeV
around this incident energy, and leads to the appropriate bgyyolved in this work. Therefore any option of the PE model
havior of the h.,p) reaction cross sections above 15 MeV. I.n affects the (,2n) cross section only slightly. The smoothing
the GDH algorithm the start of this effect of a partial wave is of the calculated cross sections has been accordingly carried
sharp as a consequence of the use of classical trajectories.\t over only 0.6 MeV around the incident energy of
smoothing of the calculated cross sections is required to ren= 15 Mev. However, the above-mentioned plateau contrib-
der the calculation physical. Here this is carried out over,ies to the change of the slope of the excitation function,

~2 MeV around the incident energy 6f16 MeV. Thus @ \yhich is necessary to describe its maximum around 18—20
plateau is obtained. MeV.

A comparison of the experimental d4& and the calcu- An analysis of the angle-integrated neutron-emission
lated angle-integrated proton specttiais work at the inci-  spectrum is shown in Fig. 9. The calculated spectrum has a
dent neutron energy of 15 MeV is shown in Fig. 7, includingyather sharp high-energy end which corresponds to the high-
the calculated contributions from various processes. Thggt discrete level of the target nucle?®y/. The contribution
agreement is good within the limits of the errors except beys the direct component estimated by the DWBA method
tween 11.5 and 13 MeV. The experimental integrated Crosgas not added to the calculation in this graph. Here, we
section is 91 14 mb while the calculated one is 91.15 mb, analyzed only the region of the spectrum corresponding to
in excellent agreement. The value 6f1.23 MeV for the  the PE and statistical emission. The agreement between the
BSFG backshift in the case of the nucledSi given in  experimenta[10] and calculated cross sections is good ex-
Table I, was needed to obtain agreement for the spectrum igept for emission energies lower than 2 MeV. On the other
the energy range where the PE contribution is dominantyand, the very close agreement between experimental and
Without this large negative backshift the underestimation otgjculated 0,2n) reaction cross sections just above the
the experimental spectrum at the high energy end extendgreshold of the excitation function validated the low-energy
over a range twice as large. The agreement is improved witheytron transmission coefficients used in this work. There-
an even larger negative BSFG backshiftdue to a more  fore discrepancies between the calculated and experimental

effective shell correction. The uncertainty of the low-lying neutron-emission spectra at the lowest-energies have other
level scheme of™Ti, with only three excited levels within reasong89].

~800 keV above~3.25 MeV, allows lower values foA

-t
o
3
'~
-~
[
&)

(inset of Fig. 7. However, the change of the slope of the V. SUMMARY AND CONCLUSIONS
(n,p) reaction excitation function between 8 and 9 MeV
would not be described then. Cross sections for théVv(n,p)°'Ti, V(n,a)*8Sc, and

A final point in question concerns the unusual peak of the"®V(n,xa)*’Sc reactions were measured in the energy range
experimental proton spectrufi®] at the high energy end. from 11.7 to 20.5 MeV. For the production ¢fSc from
This feature was also reported for the proton-emission speciatural vanadium this work establishes the first excitation
trum in the case of the target nucle?®\b in the same work curve. It is consistent with recent 14.8-MeV data and with a
[9]. It could be physically realistic since the correspondingthreshold behavior appropriate to tR&/(n,n’ «)*’Sc reac-
residual nuclei have no®{Ti) or only two (°3Zr) excited tion. An important consequence of this work is the conclu-
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sion that the*’Sc yields at 14.8 MeV must be attributed to contribution of the GDH model. This energy dependence is
the 5%(n,@)*'Sc process. Earlier work attributing this yield influenced significantly by the sudden opening of contribu-
to the (0,n’ @) reaction on®lV, resulted in excitation curves tions from individual partial waves that are shown here by
at marked variance with the present measured data. THEe calculated curves. Although the suddenness is an artifact
present result is supported by systematics fory reactions of the semiclassical approach of the GDH, the result after

at 14.8 MeV although the measur@®(n,«) cross section Smoothing is in good agreement with the data.
appears to be about 25% larger than expef@2i Our re- It was noted that because of the surface peaked nature of

sults for the 5V(n,a)Sc reaction are in good agreement the imaginary OMP, the geometric nature of the GDH leads

with the large existing data base, but suggest a Slightlio surface effect$90]. The most recent large phenomeno-

higher cross section above 18 MeV. The two data point ogical analysis of surface effects in the framework of the
added to the available experim'ental data for theexciton model[91] also pointed out more surface localiza-

51y/(n,p)5ITi reaction connect the recent measurements byo" &t lower energiege.g., for incident neutrons up to 26
Fessleret al. [2] to those by Smithet al. [74], Meadows eV). The phenomenological effective well depth and the

et al. [79], Mannhartet al. [81], and Ikedaet al. [75] but local Fermi energies of Reff91], are close to those that were
disagree \,Nith Katotet al. [80] ' important for the level of agreement that was obtained in this

Yvork.

The simple but efficient GDH model, using no free pa-
rameter, could be further improved by inclusion of the aver-
age Fermi energy obtained by taking into account both the

The three above mentioned excitation functions, as wel
as that for the competing*V(n,2n)°% reaction are rather
well described by statistical model calculations with pre-
equilibrium contributions estimated with the GDH model in . . - - )
the incident energy range from threshold to 21 MeV. A Con_nuclea}r density aqd the f|r§t| N-collision probability. Fi-
sistent parameter set was used. Agreement with the data glly, it would be_ln_terest'lng to compare the .data and the
the threshold region validates the choice of the optical mode DH mpde! descrlptlon with calculatlons in which the onset
parameters of this work. In particular, in the casexoémis- of cor_1tr|but|ons_from different pamal waves to the PE pro-
sion the potential of Ref55] is preferred over that of Ref. cess is treated in a more physical manner.

[83]. For neutrons a small change to the OMP of Réfwas
made, and for protons a combination of Rgf83,57 was
used with the asymmetry of Rgb4]. One authofV.A.) is grateful to the EC/JRC for support to

It was demonstrated here that preequilibrium emission igarry out research at the IRMM Van de Graaff laboratory
important for the reactions studied in this work. This is mostduring March-April 2000. This work was supported in part
evident for the®V(n,p)®!Ti reaction above 15 MeV inci- by the EC/JRC/IRMM, and the Contract of Association be-
dent energy. However, for all excitation functions discussedween EURATOM and NASTI-Bucharest No. ERB-5005-
here the detailed agreement that was obtained is also a res@@-990101. P.R. is grateful to the Commission of the Euro-
of the particular energy dependence of the pre-equilibriunpean Communities for financial support.
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