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Inclusive spectra of (p,xp) and (p,xd) reactions on ***Zr and %Mo nuclei at E,=30.3 MeV

A. Duisebayev and K. M. Ismailov
Institute of Nuclear Physics, National Nuclear Center, Kazhakhstan

I. Boztosun
Department of Physics, Erciyes University, Kayseri, Turkey
(Received 24 July 2002; revised manuscript received 25 November 2002; published 29 Apyil 2003

New experimental data for the inclusive reactiopsx(p) and (p,xd) on isotopes of the nuclé’®®%Zr and
%Mo, have been measured Bf=30.3 MeV, which has not been investigated in detail so far. We show the
extension of the preequilibrium reactions to this energy region and interpret the results of these experiments.
Moreover, we display the mechanism of the reaction and the level of energy dependence. The adequacy of the
theoretical models in explaining the measured experimental data is also discussed. In our theoretical analysis,
the contributions of multistep direct and compound processes in the formation of cross sections are determined
and we assert that the traditional frameworks are valid for the description of the experimental data.
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. INTRODUCTION target was the self-supporting metallic foifMo, with a
thickness of 45Qug/cn?. Emitted protons were detected
Working out the preequilibrium decay mechanism inwith a AE-E counter telescope consisting of 7Z&n and
tion of the excited system and its evolution to the equilib-\yere measured at intervals of 10°, from 30° to 160°. The
rium state, remains an actual problem of the nuclear reactiO(b,Xp) spectra were analyzed on the basis of the exciton

theory. The problem is largely conngcted V‘.'ith obtaining .themodel and the Hauser-Feshbach model, in which isospin
new experimental data on double-differential cross SeCt'onéonservation was taken into account

n (_p,xp), (p.xd), etc., reactions W'.th d|fferent- proton en- In the second case, they used self-supporting metal foils
ergies. These reactions play a role in the applied researche

54—56 90 93 H H
on secure and wasteless nuclear power system creati} Fe, %Zr, and *Nb with a thickness of 50@.g/cnt,

(acceleratot-subcritical reactor In this respect, there is a at 26 MeV. The thicknesses d&fE and E silicon detectors

problem of determining the spatial and power distribution of Vere 30, 200, and 500am. The energy spectra were mea-
the secondary particles, generated not only during the transtUred in the angle range 30°~150°, at intervals of 10°. These
tion of the primary proton beam of target assembly and neudata were analyzed pursuant to the FKK theory for the pre-
tron flow, but also of more compositéH, 3“He) particles, ~ €quilibrium process by using the codek-GNASH and pur-
which can represent themselves as initiators of the reactiorf/ant to the Hauser-Feshbach model for the compound pro-
by emitting neutrons. cess. The calculated results showed a good agreement with
In this paper, the zirconium and molybdenum elementghe experimental spectra for both cases.
have been chosen as the objects of our investigation since In our experiment, we focus on investigating two issues.
they are the construction elements of a hybrid nuclear energlirst, there are no experimental data at outgoing proton en-
plant. ergies around 7 MeV or less since, from Watanabal's
Actually, in the past, there have been experimental studiemieasurement, the protons have been stopped completely in
of the (p,xp) data on®®Mo at incident energies around 26 the silicon surface-barriekE detector, which was 30@:m
MeV by Watanabeet al. [1]. This group has measured the thick. In order to overcome this problem and to cover the
energy spectra of emitted protons between angles 30° tsoft part of the spectra, we have used au60-AE-detector,
150°, at intervals of 10°. But, there are no experimental datzherefore, the energy range is started from 2.5 MeV for our
at outgoing proton energies around 7 MeV or less becausmeasurements. Second, the protons in the energy region of
the protons have been stopped completely in the silicol30 MeV have not been studied in detii4] and extending
surface-barrieAE detector, which was 30@ thick. They  the experiment in this direction allows us to view the mecha-
have analyzed the proton-induced reactions theoretically byisms of the reaction and the level of energy dependence in
using theFKK-GNASH code based on the FKK theory. The detail and to use these observations for adequate analysis
experimental nucleon emission spectra at 26 MeV have beewithin the framework of the FKK theory. Undoubtedly, the
reproduced well by the calculations including preequilibriumextraction of experimental information on channels of reac-
MSD and MSC emission, direct collective excitation to low- tions with the emission of complex particlédeuteron, tri-
lying discrete levels, and Hauser-Feshbach equilibrium emistium, *He, and“He) remains interesting.
sion, in a quantum-mechanical way. In the following section, we present our experimental
There are also the experimental,Xp) spectra for®Vio method, the details of the measurement, and the experimen-
at 12, 14, and 16 MeV?2,3] and for °%Zr, >*°%e, and®*Nb tal results. Section Il is devoted to the theoretical analysis of
at 26 MeV[4] from the Kyushu group. In the first case, the the measured experimental data by the exciton model and
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FIG. 1. Calibration characteristics of the telescadye, X E; for protons and deuterons.

guantum-mechanical representations. Finally, Sec. IV gives The energy calibration of a spectrometer has been carried
our summary and conclusion. out on kinematics of levels of residual nuclei in the reaction
12C (p,x) and protons of recoil. The base calibratiar
X AE, is approximated by a straight line and it does not
Il. EXPERIMENT AND RESULTS depend on any kind of fragments, whereas for evetits

The inclusive cross-section measurements of the reaction$ Es [detector CsI(Tl)], the base calibration represents a
(p,xp), (p,xd), originated by protons witE=30.3 MeV, parabola for' protons and a straight Ilng for Qeuterons. This is
on isotopes of the nuclé?9%zr and 92Mo, have been carried shown in Fig. 1, where the base calibration expresses the
out on the cyclotron U-150M of the Institute of Nuclear relation between the channel number in line spectra and the
Physics NNC, Kazhakhstan, within the range of 15°—150¢ lost energy in the detector. It is found by subtracting the
at intervals of 15°. Typically, intensities between 20 and goparticle energy, lost in the target and the detectors, from the

nA have been utilized with a beam energy resolution ofkinetic energy. The energy of the particle before hitting into
0.3%. the telescope of detectors is determined by using this base

For the registration and identification of reaction productst@libration and by restoring the losses in the detector. After
in the whole energy range, a system has been designed wit

a three-detection telescop@ ;—AE,-E3), consisting of opm Amp AL | ’C—t’iﬁ“ J—’
#1

two silicon surface-barrier ORTEC detectors and a scintilla- —
tion detector CsI(Tl) with a total absorption oE;. The % scA#1 '—ia&im' fl

thicknesses of detectors wereAE;=50um, AE, adapter

=300 um, andEz=25000um correspondingly. The solid A ey W[ apcr
angle subtended by a telescope of detectors was equal to [ %+ | .

=2.9x 107 ° sr. The spectra of protons have been registered — =

from a threshold, which is defined by absorption in the first 4‘& e

detectorAE;, and by maximum energy absorption in the

second detectoAE, in an interval, and these spectra have Cﬁfﬁm | Amp#3 | »| ADC#3
been identified by a matrix of coincidencé ;X AE,).

The second interval of registration has been determined by L [scam

energy of fragments in the detectdE,, down to the energy

of total absorption in the detectd;, at which a matrix of FIG. 2. The block scheme of the registration system.

identification AE,X E3) corresponds. Thus, the power spec- amp.#1,2,3, spectroscopic amplifier; SCA#1,2,3, single channel
trum of protons in the studied reactions has been measureghalyzer; Coinc.#1,2, scheme of coincidences; Counter#1,2, counter
within an energy range starting from a threshold Bf  scheme; ADC#1,2,3, analog-digital converter; Level Adapter, im-
~2.5 MeV up to~30 MeV, and deuterons:2.5-20 MeV.  pedance matcher of levels.
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TABLE I. Characteristics of target nuclei. In Figs. 3 and 4, the spectra of double-differential cross
S » - sections (%o/dEdQ) are shown. The total cross sections of
Isotope ozr Zr Mo (p,xp) and (p,xd) reactions, based on the integfeb-/dE),
Thickness (mg/sf) 213 0.8 051  are listed in Table II.

In Fig. 5, the experimental cross sections of the studied
reactions are shown. Moreover, three areas connected with
different decay mechanisms for a channel with emitting pro-

that, we define the energy of the emitted particle by addinéons are observed. The first one |s.the area Qf equilibrium
the losses in the target. The full energy resolution of thecomponents of a cross-section with a maximum Egf
spectrometer has amounted to 800 keV ME,XE; and ~° MeV,  the  preequilibrium  component Ef
~400 keV for AE; X AE,. ~12'—20 MeV) ar_ld the range (EP> 20 MeV, conditioned

The electronic scheme of the measurement is presented Y direct mechanisms following it.
Fig. 2, the main bends of which are four-entrance spectro- FOr & channel with emission of deuterons,Xd), the
scopic amplifiers, multiportup to eighi analog-digital con- situation is less determl.n_ed.. Typically for thl_s channel, the
verters, discriminators, and pulse counters. The main comfross-section of the eqUIIIb_rlum components is sharply over-
plexity during the setup of the system is connected with thevhelmed E4~5 MeV). It is remarkable that the form of
installation of a threshold of the discriminator SCA#3 for deuteron spectra is different for zirconium isotopes
avoiding an overload by false coincidences with gammaduclei.
guantums, which leads to the formation ofskt between
eventsAE; X AE, andAE, X E,, in the width of 2 MeV for
protons and about 3 MeV for deuterons. The dead time of the - ANALYSIS AND RESULTS
system makes from 7% up to 1% and is controlled by the There have been many theoretical approaches used to de-
counters 1 and 2. scribe the equilibrium reaction data over a wide range of

In the experiments, the self-supporting targets of isotopemcident energiessee Refs[5-8| for a detailed discussion
9097 and Mo made by a method of electrochemical In this paper, we analyze the experimental cross sections data
evaporation have been used, the characteristics the one of all the reactions pursuant to both the Hauser-Feshbach
which is listed in Table I. theory—while taking into account the multiparticle emission

Enrichment(%) 95 97 95

\ “Zrpxp) 10% “Mo(p.xp)

ettt st

FIG. 3. Double-differential
cross sections of reaction®zr,
927r, and *2Mo(p,xp).
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of both single-shot(protons, neutropsand two-charging channel space, i.e., the MSC contributions, have been pro-
fragments (deuterons, « particleg—and the stringent jected out and can be treated separately within the multistep
quantum-mechanical theotprogramempIrRe 1 [9]). Thus,  compound mechanism.
the contributions of statistical direct and compound pro- The modeling of multistep compound processes follows
cesses for the reactiong,kp) and (p,xd) have also been the approach of Nishiokat al. (NVWY) [11]. Like most of
calculated. the precompound models, the NVWY theory describes the
The approach to statistical multistep direct reactions issquilibration of the composite nucleus as a series of transi-
based on the multistep direct theory of preequilibrium scattions along the chain of classes of closed channels in increas-
tering to the continuum, originally proposed by Tamura,ing complexity. In the present context, we define the classes
Udagawa, and LenskELO]. Since then, the approach has in terms of the number of excited particle-hole pdimsplus
been revised especially in the part related to the statisticahe incoming nucleon, i.e., excitons. Thus, the exciton num-
and dynamical treatment of nuclear structure. ber isN=2n+1 for nucleon induced reactions. Assuming
The evolution of the projectile-target system from smallthat the residual interaction is a two-body force, only neigh-
to large energy losses in the open channel space is describpgring classes are coupledii=*+1).
in the MSD theory with a combination of direct reaction In all cases, the parameter of level density had already
(DR), microscopic nuclear structure, and statistical methodspeen determined by Gilbert-Cameron parametrizafit.
As typical for the DR approach, it is assumed that the close@or comparison, the calculation of the inclusive integral
cross section with the parameter of level densityA/8 has
TABLE Il. Experimental partial cross sectiofigib) of reactions  been carried out, wher& is the nuclear mass number.

(p.xp) and (p,xd). The optical potential of Becchetti-Greenldds)] for pro-

: ton and neutron channels and the optical potential of Perey-
Reaction OER(MeV) *zr 4 *Mo Perey[14] for deuteron channel have been used in calcula-
(p.XP) 3_27 073.385 8396-64 12290-102 tons of reaction transmission c_oefficients. o _
(p.xd) 4-17 4739059 28.830.38 33.25 051 The results of these qalculatlon_s are shown in Fig. 6. It is

shown that the contribution of multiparticle compound of the
80ER denotes outgoing energy range. mechanism determines the emission of protons from 2.5
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MeV up to 10 MeV, and the contribution of the multistep figurations in this system and between the multistep direct
direct process extends from 5 MeV up to the kinematicand multistep compound components of the preequilibrium
threshold. The shape op(xp) reaction integral spectra is cross section§17]. Additional MSD components are calcu-
determined by the multistep direct processes. At the samiated semiempirically to account for direct nucleon transfer
time, the shape of spectra within the indicated theory that careactions and direct knock-out processes involving cluster
be connected to the contribution of single-step direct mechadegrees of freedom. Evaporation from the equilibrated com-
nisms, which are not taken into account within this approachposite nucleus is included in the full MSC cross section.
is not to be described for the reactiop,xd). Output of energy differential and double differential cross

The cross-section contribution of the multistep compoundsections is provided for the first particle emitted from the
process for the,xp) reaction is by an order of magnitude composite system. For that, there are additional subroutines
smaller than the multistep direct mechanism. in this program, which use the total MS{ihcluding direci

The quantum-mechanical theory allows to play back theand total MSC(including evaporationcross sections to cal-
shape of spectra and of the absolute cross section for thmulate the angular distributions for the emitted particles. This
reaction f,xp). At the same time, however, this program is done phenomenologically according to the paper by Kal-
does not calculatep(xd) reaction cross sections using the bach and Man18].
guantum-mechanical MSD and MSC model. We can use it The comparisons of the experimental integral cross sec-
only in the calculations of Hauser-Feshbach components. tions with PRECO-D2calculations are shown in Fig. 7. In all

In this connection, the calculations of the double differen-calculations, the configuration pDh) has first been used.
tial cross sectionérigs. 3 and #and integral spectrérig. 77  The Becchetti-Greenlees optical potential parameters for pro-
have been carried out by using the prograreco-D2[15].  ton channel have been used to generate reaction transmission
This code uses the Griffin exciton modéb] for preequilib-  coefficients. The optical potential of Mamit al. [19] has
rium nuclear reactions to describe the emission of particlebeen used in the calculations for neutron channel and the
with mass numbers of 1 to 4 from an equilibrating compositepotential of Cline[20] for deuterons. The densities of levels
nucleus. A distinction is made between open and closed corirave been parametrized as A/8. With the same parametri-
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zation, the total cross section for reactignXp) and multi-  for the reaction p,xd) have been well estimated.

particle component for reactionp(xd), calculated by the Two classes of single-step direct reactions which are not
programeMPIRE, are demonstrated for a comparison in Fig.included in the Griffin model are nucleon transfeickup)

7. Figures 3, 4, and 7 show that the satisfactory theoreticand knock-out or inelastic-scattering processes which in-
description of the double differential and integral cross secvolve complex particle degrees of freedom. While taking
tions both for reactionsp(;xp) and (p,xd) has been reached. into account the contribution of these direct processes, the
The main difference betweerReco-D2calculations and the description of the measured experimental data can be consid-
experiment data is observed in a soft part of the spectra tharably improved by the prograwreco-D2 It follows from

is apparently connected with the neglect of the multiparticlethe theoretical results that the main contribution to the cross
emission within the codereco-D2 The high-energy part of sections of the reactionp(xd) is the introduction of the
experimental spectra consists of an elastic peak that cannatechanism of one-nucleon transfer. At the same time, the
be studied within the framework of this model. The contri- contribution of the knock-out mechanism to the reaction
butions of the MSD, the MSC, the equilibrium components,(p,xp) is much less, but the contribution of the MSD domi-
and the single-step direct process of knockout for the reamates and that is in agreement with the results of calculations
tion (p,xp) and one-nucleon transfgpick up of a neutron  in the quantum-mechanical theory. Also, it is possible to see
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that the relative contribution of the MSC mechanism calcu-mechanism of the reaction and the level of energy depen-
lated in the exciton model, correctly replicates the contribu-dence. It is also important to observe the adequacy of the
tion from the MSC, within the prograrBMPIRE. above-mentioned theoretical models to explain the measured
experimental data.

For this purpose, we have presented that the satisfactory
theoretical description of the double differential and integral

We have measured the double-differentidf®Zr,  cross sections both for reactions,xp) and (p,xd) has been
9Mo(p,xp), (p,xd) reaction cross sections &,=30.3 reached. The main difference between preco-b2calcula-
+0.15 MeV in order to investigate preequilibrium nucleontion and the experiment is observed in a soft part of the
emission. Integratio/dE spectra and partial reaction cross spectra. This might be due to the neglect of the multiparticle
sections have also been deduced. The experimental data hasission in the calculations. However, the contributions of
been analyzed within the framework of the phenomenologithe MSD, the MSC, the equilibrium components, and the
cal exciton model of preequilibrium decay and microscopicsingle-step direct process of knock-out mechanisms for the
theory of the MSD and MSC processes. Since there are n@action ,xp) and one-nucleon transfépickup of a neu-
experimental data for the protons around 30 MeV, this extron) for the reaction p,xd) have been well estimated. We
perimental study is very important for the extension of thehave shown that it is also possible to improve the description
preequilibrium experiments in this direction to see theof the measured experimental data considerably by taking

IV. SUMMARY AND CONCLUSIONS
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