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ABSTRACT 
Excitation functions (EFs) for the reactions "'Mo(p,x)'2nlNb, 

and °*tMo(p,x),4'Wm'9Sg^6m+<' ,IlTc up to 18 MeV from threshold 
have been measured employing the stacked foil activation 
technique, and using high resolution HPGe gamma spectrometry. 
Utilizing the simultaneous measurement of the excitation function 
of D"Cu(p,x)"Zn, n"Cu(p,x)63Zn, ",Cu(p,x)<i5Zn, and "tTi(p,x)48V 
monitor reactions. The theoretical analysis of the EFs has been 
done using both the semi-classical as well as quantum mechanical 
codes which include compound nucleus and pre-equllibrlum (PE) 
emission into consideration. In general, theoretical calculations 
agree well with the experimental data. Effect of various free 
parameters used in the calculations has also been discussed. A 
significant contribution of pre-equilibrium component has been 
observed at these energies. 

Keywords: Protons, Cross Sections, Nuclear Reactions, HPGe-
Detector, Molybdenum, and Natural Targets. 

INTRODUCTION 

Many experimental nuclear reactions cross section data are needed to determine the 
optimum irradiation condition for the production yield of various radioisotopes. Though 
several investigations are available in the literature for the determination of reaction cross-
sections related to the production of radionuclides, there are laTge discrepancies in the cross-
sections measured for the same reaction by different authors [1-4]. Further, there are large 
uncertainties in the measured cross-sections due to the use of low-resolution detectors. 
Moreover, the details of errors and their evaluation are not discussed in general. Recent 
experiments have clearly indicated that in statistical nuclear reactions, at moderate excitation 
energies, particles are emitted prior to the establishment of thermodynamic equilibrium of the 
compound nucleus (CN). This process known as pie-equilibrium (PE) emission is often found 
in the high energy tails of the excitation functions. The PE emission mechanism has attracted 
considerable attention from both the experimental and theoretical viewpoints (Gadioli and 
Hodgson, 1992) [5]. Semi-classical models (Blann, 1971; Emst et al., 1987) [6-11] have been 
successfully used to describe the experimental data on PE emission. Recently, quantum 
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mechanical (QM) theories have also been used to analyze the experimental data mostly on 
nucleon induced reactions [13,14], The stress has been, however, laid on the systematic study 
of input parameters that can describe die large amount of experimental data. In this work, the 
cross-sections for "™Mo(p,xn)KBNb, and ""Mo(p,xn)H M m , w * * " T o reactions have been 
measured from threshold to 18 MeV, using die activation technique. Analysis of the 
excitation functions has been performed within the framework of both the semi-classical as 
well as quantum mechanical models using consistently the same set of parameters. Two well 
known codes are employed, ALICE-91 [11} and EMHRE-II [13]. Hie details of the 
measurements are presented, the analysis of the data is discussed. The excitation functions for 
the reactions mentioned above to the best of our knowledge have been.reported. 

This work was performed at the Inshas Variable Energy Cyclotron Facility, Nuclear 
Research Center, Cairo, EGYPT. This facility has been installed and gotten into operation 
since October 2000, and is described in [16]. In the present measurements the stacked foil 
activation technique has been used. Natural molybdenum foils (99.99% pure) are used for 
preparing the samples. The samples of molybdenum were of 25 nm±1.4% thick which is 
equivalent to 25.7 mg/cm2 ±1.4%. Proton beams of 15 and 18 MeV were used to irradiated 
two stacks, one containing 7, 9 molybdenum foils, respectively. Al-degraders of suitable 
thicknesses were used in between the samples in each stack to cover the broad energy range. 
The energy losses in the samples as well as degrader thickness were calculated employing 
SRIM-2003 code [17]. The beam currents were monitored directly on a Faraday cup. The off-
line counting of the irradiated samples was carried out using vertical coaxial closed end 70% 
HPGe y-ray detector (resolution » 2 keV for 1.33MeV y-ray of "Co) coupled to the ORTEC's 
PC based multi-channel analyzer. The background spectrum was also recorded and was 
properly subtracted from the sample counting rates. The detector was pre-calibrated using 
various standard gamma sources including the l s i l54- lssEu point source of known strength, 
which was also used for the determination of die geometry dependent efficiency at various 
source-detector distances. The residual nuclei were identified from their characteristic gamma 
lines as well as from their half-lives. The nuclear data required for the calculations were taken 
consistently from the Table of Isotopes [IS, 19]. From the measured intensities of the 
identified gamma rays, the cross-sections at different incident energies were computed, 
according to the formula: 

If the sample having the initial number of nuclei No is irradiated by a beam of flux $ for a 
time ti and the activity in the sample is recorded for a time U after elapse of time tc, by a 
detector of geometry dependent efficiency Ge; Cp being the counts under photo-peak; X the 
decay constant of residual nuclei; 0 is the branching ratio of the particular radiation; o is the 
reaction cross-section; K is the y-ray self-absorption correction for the material of the sample 
and is given by: 

EXPERIMENTAL DETAILS 

C ,Aexp( * c ) 
(0 jV„ $8KGs\}-exp(/tO]|_l-exp(,tO]' 
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where, p. is the y-ray absorption coefficient for the sample and d is the thickness of the 
sample. 

Tabic (1): Nuclear Data of the Produced Radionuclides 

Nuclide Half-Life Decay Mode 
(%) 

Ey (MeV) Iy(%) 
Contributing 

Reaction 
Threshold 

(MeV) 

T c 6.01 h EC(100) 140.5 89.06 
, u uMo<p» 
"M«p,Y) 
'"Mo(p.pn)99Mo 

7.79 
0.0 
6.13 

"Mo 65.94H 1T(2) 181.0 6.07 '™Mo(p,pn)99Mo 6.13 

""Tc 51.5m EC(98) 778.2 
1200.2 

1.9 
,1.08" 

"Mo(p,n) 
" M o ( p » 
"MofpJn) 

3.79 
10.69 
19.42 

T c 4.28d EC(100) 

778.2 
812.5 
849.9 • 
1126.8 
1200.2 

99.76 
82.0 
98.0 
15.0 
0.37 

**Mo(p,n) 
"Mo(p,2n) 
"McKP^T,) 
" T c decay 

3.79 
10.69 
19.42 

*Nb 23.4h P'(IOO) 

568.8 
778.2 
849.9 
1200.2 

58.0 
96.45 
20.45 
1997 

™M«p,2p) 
Mo(p,2pn) 

"Mo(p,Bd) 
"MoCp/He) 
,wM«p,an) 

9.32 
18.05 
15.80 
10.25 
3.82 

T c 61.0d ECC96.12) 835.1 26.6 
"Mo(p,n) 
"Mo(p,2n) 
"Mo(P.3n) 

2.50 
11.75 
18.64 

" T c 20.0h EC(I00) 765.8 93.8 

"Mo(p,n) 
**Mo(p,2n) 
"Mo(p.3n) 
" T c decay 

2,50 
11.75 
18.64 

*""Tc 52.0m EQ100) 1868.7 5.7 >o{p,2n) 
"Mofp^n) 

5.09 
12.54 
21.56 

«.Tc 4.9h EC(100) 702.7 99.7 

**Mo(p,n) 
wMo(p,2ti) 
MMo(p,3n) 
T c decay 

5.09 
12.54 
21.56 

""Mb I0.15d EC(100) 934.4 99.07 
"Mo(p.JHe) 
"Mo(p.o) 
wMo(p.an) 

9.71 
0.0 
5.61 

"V 15.97d EC(89), 
P*(ll) 

944.1 
983.5 

7.76 
99.98 TiCfcx) 4.89 

"Ni 35.6h EC+|J*(100) 127.2 
1377.6 

16.7 
81.7 ™Ni(p,x) 10.17 

"Zn 9.168h EC+P*(IOO) 548.3 
596.6 

15.3 
26.0 -Cu(p^t) 13.47 

"Zn 38.47m EC+|3*(100) 669.6 
962.1 

8.0 
6.5 °"Cu(p,*) 4.21 

"Zn 244.26d EC+P*(100) 1115.5 50.6 2.17 
• Table Data were taken from [18,19]. 
• Reaction Q-values were taken from [20]. 
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Table (1) provides the details about irradiation on three stacks of foils. The y-ray activities 
of produced radionuclides, the half-lives, and reaction Q-values. The experimentally 
measured cross-sections for the reactions rtMoGwtJw"Nb and l",Mo(ppc)H95m^s*'w'WBTc at 
different incident proton energies are tabulated in Tables (2) and (3), respectively. In these 
tables the first column lists the incident energy on the foil while the second column lists the 
corresponding measured cross-section values. The errors mentioned in the cross-section 
values are the statistical errors of gamma counting. Further, errors in the cross-section may 
come up mainly due to (a) the uncertainty in the determination of the number of target nuclei 
in the sample, (b) the current fluctuation of the incident beam, (c) the uncertainty in the 
determination of geometry dependent detector efficiency, (d) the beam intensity loss as the 
beam traverses the stack thickness, (e) the quality of die monitor data used, (f) the dead time 
of the detector, etc. The average total error due to all these factors is estimated to be -10%. 
The experimental technique employed in the present work and the data evaluation are 
described in more detail in many of the publications [21,22]. The excitation functions of the 
used four monitor reactions were taken from [23], the recommended values over the 
investigation energy region. 

MODEL CALCULATIONS 

In the present work the measured excitation functions die reactions ""Mo{p,xn)MmNb, and 
™"Mo{p,xn)'4'55m- ®5!-941 " T c have been analyzed using both the semi-classical as well as 
quantum mechanical models with consistent set of parameters employing die computer codes 
ALICE-91 and EMPIRE-II. Brief details of these codes and the parameters used in die 
calculations are summarized in the following sections. 

Analysis with Code ALICE 

The calculations were performed using the framework of the geometry dependent hybrid 
model of Blann et al., [6-12] for the pre-equilibrium emission of neutrons and protons in 
combination with the compound nucleus calculations are performed using the Weisskopf-
Ewing formalism (Weisskopf and Ewing, 1940) [24]. While the pre-equilibrium emission 
component is simulated employing die geometry dependent hybrid (GDH) model (Blann, 
1972) [6] for the subsequent equilibrium emission of neutrons and protons, deuterons and 
alpha particles. The calculations are based almost oil default options in the code (Blann, 198S) 
[10], The initial exciton configuration given by Blann and Vonach, (1983) [9] were used for 
the pre-equilibrium calculations. The initial exciton number, the initial excited neutron 
number and the initial excited proton number were assumed to be 3.0, 0.8 and 1.2, 
respectively. The initial exciton number (3) is die sum of particles and holes. The initial 
excited proton number (1.2) coiresponds to the initial proton particle number, which includes 
a portion of the projectile proton. The number 3 - 0.8 -1.2 = 1 is the initial hole number. The 
number 0.8 + 1.2 - 2 is die initial particle number. The optical model potential based on the 
nucleon mean free paths was used to estimate the intranuclear transition rates. Particle binding 
energies were internally calculated using the Myers and Swiatecki mass formula (Myers and 
Swiatecki, 1967) [25], 

In the calculations of the level density parameter "a", is calculated from a=» A/K; where, A 
is the mass number of the compound system and K is a constant, which may be varied to 
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match the excitation functions, and the initial exciton number are important parameters 
defined by its initial exciton number n,=(p+h) is an important parameter of pre-equilibrium 
emission formalism. It is however, reasonable to assume that an incident proton (particle) in 
its first interaction excites a particle above the Femri level leaving behind a hole, i.e., in all 
two particles and one hole, in creating die initial exciton state. Further, the mean free path 
(MFP) in these calculations is generated using ftee nucleon nucleon scattering cross sections. 
The calculated MFP for two-body residual interactions may differ from the actual MFP. To 
account for that, the parameter COST is provided. In this code the MFP is multiplied by 
(COST+1). As such, by varying the parameter COST, the nuclear MFP can be adjusted to fit 
the experimental data. The default value of K=10; rv» 3(2p+lh) and COST=9; for proton 
induced reactions gave a satisfactory reproduction of the measured data in die earlier analyses 
of excitation functions (Mustafa et al., 199S) [26], The same values of these parameters have 
been used in the present calculations, and a pairing energy shift of the effective ground state 
was calculated internally from the Myers and Swiatecki (1967) [25] mass formula. Which 
was introduced together with a shell effect correction shift. 

Analysis with Code E M P I R E - I I 

Calculations have been made using the Empire 2.19 version. Initially, the program 
calculates the tables of the partial wave transmission coefficients and die spin dependent level 
densities of nuclei in the decay channels of the composite nucleus. I f the (PE) option is 
selected, the geometry dependents Hybrid model Blann (1972) {6], Subroutine is used to 
calculate neutron and proton spectra, separately for each partial wave. The (PE) yields are 
distributed over the continuum of states and the discrete levels of the residual nuclei 
according to the energy, angular momentum and parity conservation laws. 

In a next step the (CN) decay is followed and its contributions are recorded, on local files 
ascribed to each residual nucleus, and added to the previously calculated (PE) populations. 
Multiparticle emission is assumed to take place after the nucleus has reached equilibrium. At 
each stage, a multiparticle emission process, the decaying nucleus appropriately replaces its 
ancestor and the decay is treated in terms of the transmission coefficients and level densities. 
This procedure is repeated until the list of particles emitted in the reaction is exhausted. The 
population of the discrete levels in the residual nucleus and the spectra of particles and 
photons emitted at each step of die reaction are printed. 

The input data in the Empire code should included: the incoming particle energy, die mass 
and the atomic numbers of the composite nucleus, the mass and die atomic numbers of the 
incoming particle, the spin of the target nucleus, the number of partial waves accounted for in 
the calculations, the energy step in integration, the number of discrete levels in composite 
nucleus (5-50), the initial exciton number (in our cases it is set to 3), list of energies followed 
by list of spins which define discrete levels in composite nucleus, the energy cut off for 
continuum (taken to be the energy of highest discrete level), the number of discrete levels in 
the residual nuclei after neutron, proton and ft-emission, and the spin cut off factor for n -
exciton levels. The binding energies are taken from Audi and Wapstra (1995) Tables [27], 
The pairing energies and shell corrections ate taken from Gilbert and Cameron (1965) [28] 
tables. The inverse cross-sections that represent a parameter of great importance are 
calculated using the code SCAT2, Bersillon (1991) [29]. Several options for the level density 
parameters are allowed in the Empire Code. The intranuclear transition rates are calculated 



from the imaginary optical potential. Excitation function calculation of the reactions 
""Mo(p,xn) for has been performed at proton energies from threshold up to 20 MeV. The 
calculated cross sections are analyzed in terms of a sum of statistical and pre-equilibruim 
contributions according to the Empire code, 2005 [13], 

RESULTS AND DISCUSSION 

The currently measured excitation functions are presented in Figures from 1 to 6. The 
measured cross sections and their estimated errors for the considered reactions are given in 
Tables (2). and (3). 

The Excitation Function of " 'MoQ) , ! ) * 1 "^ Reaction 

The production of MmNb from natural Mo targets. In tins work the obtained data are 
consistent with the available data of N.V. Levkowski (1991) [2]. Good agreement, especially 
in the overlapping energy regions is observed. The production of WmNb radionuclide is most 
likely due to (p,a) reaction type on Mo targets. The production of Nb radioactivities must be 
considered as a potential source of radionuclide contamination in the production of Tc 
radionuclides. Therefore, the radiochemical processing of Mo targets should provide for an 
efficient separation of Nb radioactivities and or their Zr, and Mo decay products. The 
comparison of EMPIRE-II data with that belong to us, show that to some extend seem to be 
close to our data than ALICE results. 

I 

Fig. (1). The excitation function of ,BIMo(p,x)*™Nb reaction measured in this work. 

The Excitation Function of M tMo(p^)M (Te Reaction 

For comparison the literature data of Yu. Zuravlev et al., (1994); M. Bonardi et al., (2002) 
[3,30] are also given. Again, the data reported by Bonaidi et al., Zuravlev et al., were obtained 
via measurements on ""Mo and extrapolation of die results to high isotopic enrichment. The 
Zuravlev et al., values agree to some extent with our data near the threshold, and at the higher 
region, the data of Bonardi et al., on the other hand, are in complete agreement with our data. 
It is shown in the figure too, the agreement between EMPIRE-II and our data and the 
literature obtained data. 
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n"Mo(p ,x)*4*Tc 
Eth = 5.09 MeV 

INtVUM - IW. M Bomrtl at at. (2002) 
- Raf. Vu.Yu. Zhuravlav at at. (1M4) 
-AUCERMUb fwMTc 
-WREftaauH. (ofMTi 

22! 4 0 a 10 12 14 16 18 Proton Energy (M*V) 
Fig. (2). The excitation function of the MMo(p,x)SM*Tc reaction based on this work. 

The Excitation Function of""Mo(p,x)®a,Tc Reaction 

The direct formation of die ground, metastable states is assessed in die first hours after 
EoB by measuring its characteristic y-line. Because ofj it has a shorter half-life ("'To, 
T|fl=20h) than its metastable state ^"Tc , Tw=61d), this implying the signal fiom at this 
energy is pure as no appreciable amount ,JmTc. 

TWVtM -Bar. M BonanSolaL. (2002). - Ra<- m v. LwKmiq (mi) 
- ALICE R—uH forOSTc - RMidi tor BSgtte 

Fig. (3). The excitation function of die MMo(ppc),s*Tc reaction obtained in this work. -

The data of all investigators M. Bonardi etal., (2002); N.V. Levkowski (1991) [30,2] show 
on average excellent agreement over the large energy region, especially with Bonardi et al., 
but Levkowski data tend to lower values at the tapering end of the excitation function. The 
data of us and other surrounded by an envelope of higher aim ALICE and lower on of 
EMPIRE-II, on average both are close to experimental results. Again, the data reported by 
Bonardi et al., but Levkowski et al., were obtained via measurements on ""Mo and 
extrapolation of the results to high isotopic enrichment EMPIRE-II here uses the default 
option of the Optical Model Parameters (OMP) which represent die key ingredients in this 
type of calculations. One of the strongest points of EMPIRE-II code is that it allows a rapid, 
and easy testing of various sets of OMP. The default option taking into account the following 
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OMP sets from the built in systematics: Wilmore-Hodgson for neutrons, Becchetti-Greenless 
for protons, and McFadden-Satchler for a-particles [31]. 

Table (2): Measured Cross Sections Values for Production of ""Nb, *Tc, 9 s T c , 
and ""Tc on Natural Mo Targets at Different Energies. 

Incident energy 
E„(MeV) 

°"Mo(ppt)J'"*Nb 
o(mb) 

" ' M o f p ^ ' T c 
o(mb) 

—Mo(p,x)""nnTc 
o(mb) 

" IMo(p,x)yy"Tc 
o(mb) 

I7.74±0.75 9.0010.92 60.68±6.22 117.00*11.70 388.00*39.80 

17.21*0.73 8.60±0.88 58.7016.02 115.14*11.51 372.16*38.17 

16.67±0.71 8.90±0.91 55.16±5.66 120.00*12.00 369.42*37.89 

16.12*0.68 8.00±0.82 54.25i$.56' u f i 2 M i ; i 3 374.00*38.36 

15.56*0.66 9.90±1.07 56.5416.11 121.34*12.13 361.68*39.10 

14.98*0.64 9.60±1.04 50.74±5.49 125.74*12.57 355.44*38.43 
13.83i0.59 11.00±1.19 46.6915.05 154.72*15.47 388.35*41.98 

13.62*0.58 9.00±0.97 47.79±5.17 148.95*14.90 362.75*39.22 

13.56*0.57 7,2910.82 42.9714.84 134.97*1330 344.47*38.78 

12.84*0.54 7.67±0.86 30J0±3i43 i$ i37± is ; i4 35239*39.67 

12.56±0.S3 6.35±0.71 31.21±3.51 154.47*15.45 275.45*31.01 

12.15*0.52 5.20±0.59 29.80±3.35 144.21*14.42 265.52*29.89 

11.79*0.50 5.39±0.65 30.0413.64 134.29*13.43 254,27*30.85 

11.49±0.49 4.34±0.53 23.6012.86 128.42*12.84 224.27*27.21 

10.67db0.45 3.33±0.40 19.8612.41 111.67*11.17 156.31*18.96 

10.54*0.45 2.41±0.29 18.641126 109.15*10.92 123.24*14.95 

10.3410.44 2,7910.37 16.2012.16 117.39&11.76 111.65*14.88 
9.46*0.40 1.6110.21 13.3611.78 108.23*10.82 85.51*11.40 
9.10*0.39 0.89±0.12 103211.40 92.18*9.22 50.12*6.68 
8.73±0.37 0.5110.07 9.9011.32 78.52*7.85 36.52*4.87 
8.11*0.34 0.4110.08 9.7311.99 67.99*6.80 14.72*3.01 
7.71*0.33 — 8.9411.83 43.80*4.38 — 

The Excitation Function of ""Mo(p^)MmTc Reaction 

The production of WmTc from natural Mo targets, total cross section, and thin, thick yields 
as a function of proton energies, the data obtained and: their estimated errors are tabulated in 
Table (3). The excitation function of the ""Mo^yO'5"^; reaction obtained in this work is 
shown in Figure (4)j and compared with the collected litetftur^ values. The individual cross 
sections of reactions constituting n"Mo(p,x)9,l*rc product measured on natural target by M. 
Bonardi et al., (2002); N.V. Levkowski (1991) [30,2], We note" that the metastatic cross 
section data are rather low than ground state, this character contrary to the usually been, also 
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like the half-lives discussed above. Our measured values and the data obtained from published 
results on die formation of 9SmTc show good agreement except for the results of Levkowski, 
that showing tapering tend toward a lower values at higher energies. ALICE could not assign 
isomeric cross section for a certain level, but EMPIRE-II could able to do that, assigned the 
higher spin state M*Tc (9/2)+, Lower spin state 95mTc (9/2)" . Which, enable us to determine 
also the isomeric ratio in comparison with experimental isomeric ratio as shown in Figure (S). 
By inspecting Figure (5) we see the agreement between EMPIRE-II and our results, of course 
the taper trend of Levkowski data causes a higher values for the isomeric ratios. Data obtained 
by M. Bonardi et al., (2002) [30] show good agreement with our isomeric ratios as shown in 
Figure (S), Ate Isomeric ratios value are tabulated in Table (3). Formations of cross-section 
ratios are obtained with dividing die higher spin isomer by the low spin isomer. 

Fig. (4). The excitation function of die " M o f p , * ) " ^ reaction obtained in this work. 

j i , S g Tc / w , n Tc Ratios M. U BofWtn«t«L, (2002). | 
- « - M . M V. LMkovM* (1*91) 

, o i 
4 e 8 10 12 14 16 18 20 

Proton Energy (M«V) ^ 

Fig. (5). The Isomeric Ratios Higher Spin State ,s«Tc (9/2)*/ Lower Spin State , i mTc (9/2)" 

The Excitation Function of " " M o C p ^ T c Reaction 

A literature survey showed that several authors measured cross-sections for the production 
of the " T c isotope using enriched and/or natural molybdenum targets. The production of 
,Sm+*Tc from natural Mo targets is our current work. "Hie data reported by S. Takacs et al., 
(2002) [32] present cross-section data for die "*'Mo(p,x)'<nH,Tc process in their paper 
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measured the staeked samples were irradiated in vacuum at an external beam line of a 
cyclotron accelerator with high energy precision. Data are given up to 38 MeV and are in very 
good agreement with our data, in energy range. M. Bonardi et al., [30] presented numerical 
data measured on natural molybdenum targets up to 43.7 MeV. The type of cross-section they 
present concerns cumulative elemental cross-section for die °*'Mo(ppc)M™**Tc process. The 
trend of the high-energy tail of the excitation function is reproduced by the inclusion of die 
pre-equilibrium calculation of ALICE code. While die cross section obtained by EMPIRE-H 
disagree with the experimental data, this disagreement reveal that the good selection of optical 
model parameters produces particles transmission coefficient which is responsible elevating 
the cross sections results. As well as the level densities function calculation could uses 
different models or even a mix such as Fermi Gas model (FG) + Hartree-Fock approach 
(BCS) which is the default option for level density functions in EMPIRE-II with consider to 
the deformation-dependent collective effects. For the nuclei involved in the reaction induced 
,by protons with a few MeV show more suitable with Gilbert-Cameron density function; its 
parameters are adjusted to the cumulative number of low-lying states and to die mean level 
distance at neutron binding energy. In discrete-level spectroscopy with light particle induced 
reactions in general and particularly not in this case ®<®Tc (7*), ®"lTc (4+). The residual nuclei 
are not populated in states with very high excitation energies; therefore the level density 
functions describing the continuum spectra are not crucial for the calculated cross sections. 
The total cross section (Om+On) of the reaction producing ̂ Tc which is a' better agreement in 
the high energy tail region of the excitation function is achieved with ALICE-91, using all 
default parameters with a 2p-lh initial exciton configuration of the Hybrid model (Blatm, 
1972) [6], 

i i 

21 

Fig. (6). The excitation function of the °*Mo(p,x)'<mt*Tc reaction obtained in this work. 

The Excitation Function of"*,Mo{p,x)',lnTc Reaction 

Three reactions contribute to die production of ™'Mo(p,x)WmTc by direct way are 
MMo(p,y), ' "Votp^n^ and indirect way by l00Mo(p,pn). Hie production of Mm*»Tc from 
natural Mo targets, total cross section, and thin, thick yields as a function of proton energies, 
the data obtained and their estimated errors are tabulated in Table (3). The excitation function 
of the "Mo(p,Y)WmTc reaction is very small and die errors are large as reported by' B. 
Scholten et al., (1999) [33]. This reaction is of no practical relevance for the production of 
""Tc. This result obtained by Scholten is contrary to that previously claimed by Lagunas-
Solar et al, (1991) [34] who supposed a high (p,y) cross section, is responsible for ""Tc 
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production. Presumably, "as Scholten proposed due to some impurity effect. He also noted 
that, capture reactions in the MeV region have a cross section typically of die older of 1 mb, 
both in (n,y) and (p,y) processes [33]. 

Possibly the whole trend may be a reaction of the ,00Mo(p^n)w°1Tc reaction (on the 
9.63% l00Mo present in the naturally highly pure Mo sample). In contrast, Our results on the 
""Mo(p,x)MmTc reaction are higher than the data reported by Scholten et al., (1999) [33] in 
the same time are in good agreement with others Lagunas-Solar et al,, (1991); Levkovski et 
al., (1991) [34,2] in die same energy region. It is worse to mention that Scholten et al., used 
enriched Mo approach 97%, die other data measured for natural target and computed to the 
same level of enrichment. It is shown from the figure (7) that, die produced by ALICE code is 
away from the whole experimental date however, it was for other published literature or us. 
This is because ALICE could not able to predict a cross section for isomeric state, but only for 
the whole wTc produced. EMPIRE-E is capable to ptedict, assign die leve spin and parity for 
'isomeric state responsible mainly for this process and evaluate 'die cross section pertained to 
it. 

Lagunas-Solar et al., (1991) [34] postulated that the production of " T o could be due to 
two distinct reaction channels. TTie excitation Aincdon shows the first maximum at 19 MeV 
and was ascribed to the reaction channel '*Mo(p,y)®,BTc (Q=-6.36 MeV). It was strongly 
argued by Lagunas-Solar, (1993) that the '*Mo(p,y)'®n,Tc nuclear reaction with 20-»10 MeV 
protons on enriched " M o was viable and would have the added advantage of potentially 
reducing costs of cyclotron installation and operation. The second maximum in die cross 
section appeared at 42 MeV and was suggested to be due to die ,MMoQ>^n)9^mTc (Q--7.85 
MeV) reaction. Scholten measurements using highly enriched Mo as target material depict 
clearly that the peak at Ep»17 MeV is due to the l00Mo(p^n)'9mTc reaction and not die 
®!Mo(p,Y)-process at higher energies no other peak was observed. The second maximum in 
the excitation function at higher energies reported by Lagunas-Solar et al. (1991) [34] is thus 
obscure. 

7 9 -11 IS 18 • 17 10 21 
Proton Enrgy (M«V) 

Fig. (7). The excitation function of die "wMo(p,x)9 'nkrc reaction obtained in this work 

It should be emphasized that the l0°Mo(p,3n)99Te reaction cannot be compared to a 
normal (p,2n) reaction in this mass region, since the product activity is an isomeric state. The 
systems tics is generally valid for total (p,xn) cross sections but not for the formations of 
higher spin isomers. Even detailed statistical model calculations, incorporating precompound 
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model and nuclear structure effects are often incapable of reproducing the isomeric cross 
section Nagame et al., (1994) [35]. An accurate experimental database is thus crucial to 
consider the feasibility of this reaction for a possible production of " T o at a cyclotron. A 
limiting factor in this regard would be the level of co-produced long-lived M T c impurity. 
Experimentally this is very hard to determine and was outside the scope of the present work. 

Table (3): Measured Cross Sections Values for Production of ,SmTc and " T o on 
Natural Mo Targets at Different Energies. 

Incident energy 
Eo (MeV) 

""Mo(p^)w,»Tc 
o(mb) 

*"Mo<p,x )Tc 
o(mb) 

Isomeric Ratios 
o«/o" 

17.74*0.75 60.58*6.22 142.49*14.08 2.35 
17.21*0.73 52.14*536 140.85*13.92 2.70 
16.67*0.71 59.87*6.15 143.57*14.19 2.40 
16.12*0.68 54.27*5.51 145.23*1436 2.68 
15.56*0.66 58.98*5.99 142.25*14.07 2.41 
14.98*0.64 60.14*6.11 145.22*1436 2.41 
13.83*0.59 61.99±639 135.40*14.40 2.18 
13.62*0.58 50.47*5.12 142.58*14.11 2.83 
13.5610.57 54.24*5.50 140.59*13.91 2.59 
12.84*0.54 40.97*4.13 12238*12.11 2.98 
12.56*0.53 46.46*4.69 116.53*11.54 2.51 
12.15*0.52 42.35*4.27 106.57*10.54 2.52 
11.79*0.50 39.19*3.89 103.28*10.26 2.64 
11.49*0.49 44.05*4.37 105.77*1050 2.40 
10.67*0.45 34.15*3.39 93.82*9.32 2.75 
10.54*0.45 41.23*4.46 91.27*9.02 2.21 
10.34*0.44 43.88*4.75 89.52*8.85 2.04 
9.46*0.40 32.27*3.49 8432*833 2.61 
9.10*0.39 28.29*3.09 80.78*834 2.86 
8.73*0.37 26.42*2.88 69.84*7.21 '2.64 
8.11*034 29.85*3.26 67.67*6.99 2.27 
7.71*0.33 25.98*2.84 68.59*7.08 2.64 
6.59*0.28 24.15*2.64 54.97*5.68 2.28 
6.12*0.26 21.00*2.29 47.96*4.95 2.28 

CONCLUSIONS 

Results of the present analysis are summarized in Figs. 1-6, where experimental and 
theoretical best fit graphs of the excitation functions for and 
ra'Mo(p>x)M,,Sm,w,,,M®roTc are given. The effect of varying various parameters of the codes on 
the calculated excitation functions is found of great imjxtrtance. The high-energy tail portion 
of the excitation functions can be satisfactorily reproduced if the pie-equilibrium component 
is included in the calculations. It may be observed that both semi-classical as well as quantum 
mechanical codes, each with a suitable choice of parameters, may reproduce the experimental 
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data. Further, all these codes give more or less similar descriptions of the data in the peak 
region, which is of interest from the point of view of compound nucleus mechanism. 
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