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Greece 

2 Departamento de Fisica Teorica, Universidad de Valencia, ^6100, Burjassot, 

Valencia, Spain 

Abstract 

Inclusive neutrino-nucleus reaction cross sections at intermediate energies (20MeV < 

Ey < 500MeV) are calculated throughout the periodic table for the most interesting nu­

clei from an experimental point of view. The method used had previously proved to be 

very accurate in calculating the induced reaction cross section for T=0 light nuclei ( 1 2 C 

and 1 6 0 ) and in the study of other similar processes like the ordinary muon capture. The 

electron-neutrino (ve) cross section weighted by the Michel distribution is also discussed 

in conjuction with the existing experimental results at LAMPF and Κ ARMEN. 

I. I N T R O D U C T I O N 

The study of neutrino-nucleus cross sections is of great importance in neutrino detec­

tion [l]-[6] in particular for nuclear targets used in the existing neutrino detectors [7]-[ll] 

and promising nuclear isotopes recently proposed to be used as neutrino detection tar­

gets [9],[12]-[20]. In the low neutrino-energy regime (E„ < 20MeV), which includes the 

solar neutrinos and the low-energy supernova neutrinos [21], detectors need low thresh­

old energy targets; such targets used in detectors being in operation are the 37Cl in 

Davis experiment at Homestake [1,6] and the 71Ga in Gallex experiment at Gran Sasso 

[8] and in SAGE experiment at Baksan [10]. At intermediate (20MeV < Ev < 50MeV) 

and high-neutrino energies (Ev > 50MeV), the detected neutrinos are produced either 

during a solar flare [22] or in secondary cosmic rays (atmospheric neutrinos); for ob­

serving these more energetic neutrinos, nuclear targets with bigger threshold energy can 

be used. We mention that the neutrinos of a solar-flare give rise to neutrino energies 

of some hundred MeV or even in the GeV regime and the neutrinos coming from stel­

lar collapses are considered to have energies Ευ « lOOMeV. Neutrinos of such energy 

may excite a great number of nuclear states as e.g. in the 1MB and Kamiokande water 

detectors [23,24]. 
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For the existing detectors it is interesting to know reliable estimates of the neutrino-
nucleus reaction cross section for Ευ at least up to a few hundred MeV, e.g. for the 
radiochemical experiments we need semi-inclusive cross-sections for 37Cl, while for the 
Cerenkov or liquid scintillation experiments we need inclusive reaction cross sections for 
l60, 12C or 1 3 C . On the other hand, for reactions of neutrinos with some nuclei proposed 
as promising nuclear targets in neutrino detectors like 8 1 Br [14,15], 9sMo [16,17], 115In 
[12,16], 127I [18,19,20], 20577 [17], the knowledge of a reliable cross section calculation is 
a fundamental prerequisite. 

So far, inclusive or semi-inclusive neu trino-nucleus cross sections have been calculated 
for some nuclear targets (1 2C, 1 6 0 , etc.) by using the following methods: 

(i) Term-by-term sum [25,26,27]: This method needs the explicit construction of the 
final nuclear states in the context of a nuclear model and it is reliably applicable for 
low neutrino energies for light and medium nuclei. In this case transition to definite 
nuclear states, i.e. to the ground state or to some low-lying nuclear excitations, could 
be dominant and one has to calculate the exact final state in order to find the partial 
transition rate. 

(ii) Closure approximation [28,29]: With this method one avoids the tedious cal­
culation of the excited nuclear states if the momentum of the outgoing lepton can be 
approximately determined by means of a suitable mean nuclear excitation energy Ë. 
Since the results of the closure depend on the assumed value of Ë, the method is more 
reliable for neutrino-energies 50MeV < E„ < lOOMeV. 

(iii) Fermi gas models [30,31]: The use of the non-relativistic as well as the relativistic 
Fermi gas model needs a choice of the average binding energy which defines the effective 
energy transfer to the nuclear target. The results are very sensitive to the average 
binding energy used (in particular at low neutrino energies) and more reliable estimates 
for total neutrino cross sections can be obtained for £„ > 50MeV where the details of 
the specific nuclear states can be ignored. 

(iv) Recently [4,32], a new method has been developed in which the differential 
neutrino-nucleus cross section can be expressed as a function of the local Fermi mo­
mentum PFÌr), i-e·? by using a local density approximation. In this way both bound 
as well as excited states of the proton and neutron can be taken into consideration by 
using the particle-hole excitations included in a relativistic Lindhard function [32,33]. 
In addition, one can also consider the effects of Coulomb distortion and renormalization 
of the operators involved in the elementary neutrino-nucleon process inside the nucleus. 
The latter have been proved to be very important [33,34]. Since the method uses for 
the total cross section an integration over a continuum of excited states, the results 
obtained are accurate for neutrino energies Eu > 50MeV in the region of light nuclei 
and for Ev > 20MeV in the region of medium and heavy nuclei. 

In the present work we have calculated total cross sections for the inclusive neutrino 
and antineutrino reactions 

ν, + (Α,Ζ)-+Γ + X, Vl + (A,Z)-+l+ + X. / = e,/i (1) 

by using the method (iv) [4]. We have done a systematic study of the total neutrino-
nucleus cross sections for the most important nuclear isotopes from an experimental 
point of view in the neutrino energy region 20MeV < Eu < bOOMeV. These neutrino-
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energies, which cover the high energy supernova neutrinos (20MeV < Ev < 50MeV), 
the solar flare neutrinos (50MeV <EV< 500MeV) etc., can excite good enough nuclear 
states such that, the integration over the continuum involved in the method used here 
is a very good approximation. 

The inclusive neutrino cross sections calculated in the present work, are very im­
portant in the study of atmospheric neutrinos which carry neutrino-energies between a 
few MeV to some GeV and can be observed, e.g. in a large water Cerenkov detector. 
Such neutrinos are produced from successive reactions which take place when cosmic 
rays strike the atmosphere by means of the decay of pions, kaons and muons. We also 
recall that the interesting quantity of the ratio of the muonic-neutrino flux to that of 
the electronic-neutrino flux for atmospheric neutrinos measured in a Cerenkov counter 
can be calculated by using the results of the total neutrino cross sections. 

From the neutrino cross sections obtained, we can calculate the experimentally im­
portant "flux averaged cross section" and compare it with the corresponding values 
found for various electron-neutrino reactions in KARMEN [36,37] and LAMPF [38] 
laboratories. 

In this work at first we briefly present the relevant formalism and discuss the main 
steps followed by the method (iv) in order to calculate the inclusive cross sections for 
a nuclear target. Then we describe the characteristics of the most important neutrino-
and antineutrino- nucleus reactions studied here and finally we present and discuss the 
results obtained for a set of nuclear isotopes including the already employed targets in 
neutrino detection experiments. 

II. BRIEF DESCRIPTION OF THE FORMALISM 

For the neutrino-induced reactions of eq. (1) the effective transition operator Heff 
can be written in a covariant form as 

G cos flc 
H*ff = -m J Jß (2) 

where G is the weak coupling constant (G = 1.1664 χ 10~5GeV'~2) and $c the Cabbibo 
angle (cos#c = .974). The leptonic current j ß is the familiar one 

j " = ΰ;(ρ,)7μ(1 - 75Κ(Ρκ) (3) 

where uv, u/ are Dirac spinors normalized to m\jE\ for the neutrino and lepton with 
four momentum p„, p ;, respectively. The hadronic current Jß in eq. (2) is given by [4] 

Λ = üp{PP) W b „ + W ) * < M ^ g + FA(ql)%l5 + FP(q2)qß~f5 Un(Pn) (4) 

(M is the nucléon mass). The functions of the four momentum transfer q2 (with q = 
Pp—Pn)'- Fi, F2, FA and Fp are the well known Dirac, Pauli, axial vector and pseudoscalar 
form factors, respectively. In the convention used in the present work q2 is written as 

q2 = Λ = ql - q2 = {E, - Eu)
2 - (P/ - P „) 2 (5) 
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ρ, denotes the three-momentum of the particles involved in the process. 

For the anti-neutrino induced reaction the leptonic and hadronic currents are the 

complex conjugates of eqs. (3) and (4), respectively. 

A. The local density approximation 

The calculation of the total neutrino-nucleus reaction cross section σ, according to 

the method (iv) mentioned in the introduction, is based on the equation [4] 

2G2cos26c rR

 2 , rr?" , , y1 ,. .. 1 =ς·_-^ , 
σ = c- / r2dr / p2dpt / d(cos0) —- £ £ | Τ \2 

7Γ JO Jp™'" J-l tivtil 

x ImO(Ev -E,-Q- Vc(r), q) Θ(Ε, + Vc(r) - mt) (6) 

where the quantity Σ Σ | Τ | 2 represents the sum over final spins of the leptons averaged 

over the initial ones (for the analytic form of | Τ \2 see appendix of ref. [4]). The 

function Θ(Ει + Vfc(r) — m/) is the well known theta function, Vc is the Coulomb 

energy of the lepton and Q is the Q-value of the process. The function ImÜ(q°, q) 
represents the imaginary part of the Lindhard function which contains the particle-hole 
excitations of proton-neutron type. The minimum (pf"n = 0) and maximum (p™ax = 
((Ejnax)2 — m2)1/2) lepton momentum are determined by the kinematics i.e. 

2 2 

ΕΓΧ = E' + ijt„~m;-Vc{r) ' Q] ( 7 ) 

In the local density approximation, the magnitude of the momenta ppn and ppp are 
given in terms of the neutron and proton nuclear densities, /9n(r) and pp{r), respectively, 

as 

PFn = [3π2ρη(Γ)]1/3, pFp = [3ΤΓ 2 /> Ρ (Γ)] 1 / 3 (8) 

In a good approximation pn and pp are obtained frpm the total charge density of the 

nucleus p(r) via the relations: pn(r) = -j/>(r) and pp{r) = jp(r). In eq. (6) R takes 

the value R = C\ + 5/m where C\ represent the radius parameter of a two parameter 

Fermi density distribution (see table 1 below). 

In the case of the neutrino reaction of eq. (1) the total energies of the neutron (En) 

and proton (Ep) are written as 

En = Jp2

n + M2, Ep = y/(pn + q)i + M2 * y/pl + q* + M2 (9) 

where the approximation in Ep holds if q · p n « 0 (forward scattering conditions). 

For the antineutrino-nucleus process, since in this case the role of the proton and 

neutron is interchanged (we neglect the proton-neutron mass difference), one can calcu­

late the cross section by using the same expression for | Τ \2 as for neutrino scattering 

and changing the sign of terms involving the pruducts F\FA and F2FA in the expression 

of the appendix of ref. [4]. 

The renormalization of the currents mentioned in the introduction is done by allowing 

the propagation of the ph in the nuclear medium. The ph response is substituted by an 

RPA response accounting for ph and delta-hole components wich interact by means of 
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the spin isospin effective nuclear interaction [4]. This renormalization procedure took 
good account of the renormalization of the currents in muon capture [33] and in beta 
decay [39]. 

B. Michel Distribution 

The neutrino beams used in experiments (e.g. at LAMPF, KARMEN etc.) are 
produced from the decay of muons resulting from the decay of slow pions and therefore 
they have relatively low energies. Such neutrinos do not constitute a monochromatic 
beam. Their energy distribution is approximately described by the Michel distribution 

rIN 

gS^)*£Î(£T-^) (10) 
where 

2 2 

E™ * i ^ r (11) 

For comparison of the theoretical seminclusive cross section with experimental data we 
can calculate the static quantity of the flux averaged cross section given by 

. = /ο*""" a{Ev)W{Ey)dEy 

f*?" W{E„)dE» 

The numerator of eq. (12) represents the folding of the neutrino cross section with the 

energy distribution of eq. (10). The denominator stands for normalization requirements. 

The maximum energy in the upper limit of this integral is E™ar fa 52.SMeV (see eq. 

(10))· 

III. NEUTRINO DETECTION REACTIONS 

In the present work we have calculated the neutrino cross sections for a series of 
low-energy ^-emitters which are important in neutrino detection. We summarize here 
the main characteristics of each target nucleus. 

3 7 C7: The 37Cl detector at Homestake being in operation since many years ago [7,9] 
is based upon the process 37C7(i/e,e

_)37./4.r and is sensitive only to neutrino energies 
above Eu = .814MeV. The cross sections measured from the 37Cl neutrino detector 
can be related with the measured counting rates in the 37Cl(p,n)37Ar [9,40] reaction in 
order to obtain the G-T strengths to states in 37Ar. 

40Ar: The isotope 40Ar is referred [5] as a useful neutrino detection target for separate 
neutral current and charged current measurements. 

7 1 Ga: The 71Ga was proposed [2] as low threshold target for neutrino detection. 
Now two Ga — Ge detectors at Baksan [13] and Grami Sasso [S] are in operation. Solar 
neutrino capture via the reaction 7ìGa(vf,e~)7ìGe has a threshold of only .233MeV and 
has been used as an alternative reaction to determine whether the discrepancy of Davis 
experiment is due to our misunderstanding of the solar interior or to our incomplete 
knowledge of the neutrino propagation. In ref. [13] the contributions of the excited states 
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to the total solar-neutrino capture rate for 71Ga have been studied and the measured 
capture rates of the p-n reaction 71Ga(p,n)7iGe at proton bombarding energies 120MeV 
and 200 MeV have been used to extract the total G-T strength function in nGe. Also 
Bahcall [2] estimated small contributions to the total capture cross sections from low 
lying excited states in 71Ge on the basis of/i-decay calculations 71Ga(ß+)'1Ge. 

81 Br: For the important role played by the 81 Br detector in solar neutrino spec­
troscopy see ref. [14,15]. Here we only stress that 81 Br is most sensitive to 6B neutri­
nos and that from solar neutrino capture on 81 Br one can deduce the G-T transition 
strengths for the accessible final states of 81I\'r. The threshold energy of the 81J5r 
detector is EthTes = AllMeV. 

98Mo: The promising 98Mo detector [16,17] offers a unique opportunity to measure 
the flux of 8B neutrinos. In ref. [16] the 8B neutrino absorbtion cross section in 98Mo 
leading to particle stable final states of 98Tc were found to be about 3.5 times larger 
than that suggested by Covan and Haxton [17]. The threshold for the neutrino reaction 
98Mo(ve,e-)98Tc is Ethre, = 1.68MeV but effectively Ethres > l.UMeV because the 
ground state and the first excited state of 98Tc are strongly hindered. 

Table 1. Characteristics of some neutrino- and antineutrino-nucleus reactions em­
ployed in neutrino detection. The parameters C\ and Ci describe a two-parameter Fermi 
density distribution of the target nucleus and Q (in MeV) represents the Q-value of the 
corresponding reaction. 

Nucleus 

A y 

ìlei 

\ÌAr 

l\Ga 

ÌÌBr 

\\Mo 

115 In 
49 l n 

127 τ 
53 l 

205 τη/ 
81 l ' 

Density Par 

c, 

3.535 

3.530 

4.445 

4.640 

5.107 

5.357 

5.405 

6.495 

ameteis 

Ci 

0.524 

0.542 

0.580 

0.572 

0.569 

0.563 

0.552 

0.540 

Neutrino processes 

Reaction 

\7Cl(uul-)\lAr 

?8Ar(„hl-)?9K 

l\Ga{uhl-)l\Ge 

llBr(uhl-)HKr 

98Mo(uhl-)98Tc 

ll'In^J-y^Sn 

l?I(»,J-)lfXe 

irn^j-rifPb 

Q 

.303 

.994 

-.276 

-.189 

1.169 

-1.005 

.152 

-.451 

Antineutrino processes 

Reaction 

\7

7ci(uhi
+)\is 

ì°8Ar(»hl+)?7Cl 

l\Ga(Phl+)HZn 

UBr^miSe 

f2Mo(Pt,n
98Nb 

\?In(vhl
+)\l5Cb 

IfKû.J^lfTe 

l?Tl(ùhl+)™Hg 

Q 

5.365 

8.006 

3.328 

2.096 

4.074 

1.959 

1.206 

2.049 
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nsIn: The n5In isotope has been proposed [12] as a target to detect solar neutrinos 

by means of the reaction usIn(i/e, e~)lnSn because it has a very low threshold Ethres = 

Al9MeV. The produced U5Sn in this reaction is in the second excited state ( | ). In 

ref. [16] the neutrino absorbtion cross section for the production of n5Sn from ll5In 

was calculated by the measured cross sections of the reaction ll5In{p,n)usSn at proton 

bombarbing energies 120MeV and 200MeV. In the 1 1 5 / n experiment individual electrons 

can be detected which can provide information about the spectra of neutrinos. 
1 2 7 1 : Haxton [18] proposed the use of X27I as the active element in a solar-neutrino 

detector, because the reaction 1271(i/e,e~)127Xe is similar to 37C7(i/e, e~)37Ar employed 

at Homestake experiment [1]. An additional advantage of 1 2 77 is that its natural abun­

dance is about 4 times higher than that of 37Cl. In ref. [18] the sensitivity of such a 

detector to neutrinos coming from galactic supernova is also discussed. In ref. [20] the 

reduced transition probability per unit energy (strength function) and the cross section 

of the reaction 127I(ve,e~)127Xe are calculated in the framework of the theory of finite 

Fermi systems. In ref. [19] the TDA approximation is used to calculate the expected 

event rate for 127I solar neutrino detector. One excited state in 127Xe is accessible in 
7Be neutrinos. For *B neutrinos the estimates of the cross sections are based on extrap­

olation from data in much lighter nuclei, e.g. Haxton [18] estimated the cross section 

of 8B neutrinos on 1 2 7 7 to be 6-7 times bigger than that of 37Cl by extrapolating the 

(p,n) experimental data on 9SMo and 71Ga. Measurements of 1 2 ' I can be used to cal­

ibrate both the 8B and 7 Be cross sections since 1 2 77 is sensitive to both of them. 1 2 77 

is also a promising candidate to cover the region between llGa and the water detector 

Cerenkov-chamber. 
20bTl: Though the neutrino capture cross section for 2 0 527 is uncertain, there have 

been some interesting proposals for geochemical experiments [5,17] suggesting the mea­

sure of the concentration of the 205Pb isotope produced in natural ores by solar neutrinos. 

In table 1 the incredients for the neutrino reactions (Α,Ζ){ΙΊ, 1~){A, Ζ + 1) and 

antineutrino reactions (Α, Ζ)(ί>/, /+)(A, Ζ — 1) studied in the present work are shown. A 

common advantage of these targets is that they lie in the β decay valley which avoids 

mixing of the β particles with those of the reactions of eq. (1) in the electron neutrino 

case. In columns 2 and 3 of table 1, we show the experimental nuclear distribution 

parameters for a two-parameter Fermi density used in eq. (6). These parameters have 

been obtained either directly from experimental data [41] or by interpolation using the 

experimental data [41] and ref. [35]. In columns 5 and 7 of table 1, we show the Q values 

for neutrino and antineutrino reactions calculated by using the experimental data of ref. 

[42]. 

IV. RESULTS A N D DISCUSSION 

In the present work we have calculated inclusive neutrino-nucleus cross sections by 

using Gauss integration in eq. (6). The total cross sections as a function of neutrino 

(antineutrino) energies obtained this way for the nuclear targets 37Cl, 40Ar, 7lGa, 8iBr, 
9SMo, 1 1 57n, 1 2 7 7 and 2 0 577 are presented in figs. 1-4. As we have mentioned previously, 

these isotopes are low-energy β emitters and either they have been used as neutrino-

detection targets in experiments already being in operation or they have been proposed 

for feature usage. 
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Fig. 1: Total cross sections for neutrino-nucleus reactions for 37Cl target (left) and 
4 M r target (right). Graphs are: 3 7 C / ( ^ , e _ ) 3 7 A r (solid line), 3 7C/(i>M,/r)3Mr (dotted 
line), 37Cl(T7e,e

+)37S (dashed line) and 37€1{νμ.μ
+)373 (dashed-dotted line). . 

1 0 0 

E υ 

? 
Ο 

Ζ 
Ο 
Ρ 
υ 
IM 

0.01 
0.0 0.1 0.2 0.3 0.4 0.5 

E.. ( GeV ) 

0.01 
0.0 0.1 0.2 0.3 0.4 0.5 

E ( GeV ) 

Fig. 2: Total cross sections for 7 ,6'α target (left) and for 8 I B r (right). See fig. 1. 
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Fig. 3: Total cross sections for 98Λ/ο target (left) and for m / n (right). See fig. 1. 
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Fig. 4: Total cross sections l'or n"I target (left) and for -0577 (right). See fig. 1 
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In each of the figs. 1-4 we show the neutrino and antineutrino cross section for both 
the electronic- and muonic- neutrino reactions with a nuclear isotope. These results 
show that the neutrino and antineutrino cross section for the inclusive processes are 
quite sensitive to the nuclear effects in the region of intermediate energy 20MeV < 
E„ < 300MeV but they slowly increase in the region of 300MeV < £„ < 500MeV. 

We see that in the same isotope there are differences between the neutrino and 
antineutrino reactions as expected. For each target the electron neutrino cross sections 
in the region 300 < E„ < 500M eV are about equal to the corresponding muon-neutrino 
cross sections and the electron antineutrino cross sections are about equal to those of 
the muon antineutrino. 

Our systematic calculations of neutrino nucleus cross sections throughout the peri­
odic table with the accurate method of ref. [4] enables us to study the dependence of 
the neutrino-nucleus cross section on the nuclear charge Ζ and mass A. Results for the 
neutrino processes (A, Z)(i//, l~)(A, Ζ + 1) for some representative neutrino energies are 
presented and discussed in ref. [43]. 

Table 2. Proton emission, Efkres, and neutron emission, E^hres, energies for some neu­

trino detection nuclear isotopes. 

Nucleus Proton emission Neutron emission 

(A,Z) 

(12, 7) 
(37,18) 
(40,19) 
(71,32) 
(81,36) 
(98,43) 

(115,50) 
(127,54) 

(205,82) 

^thres 

0.6 
8.72 

7.58 
8.29 
9.05 
6.18 
8.75 

7.70 
6.72 

15.97 
8.80 
7.81 
7.43 
7.83 
7.29 
7.56 

7.24 

6.74 

For a comparison of the average electron neutrino cross section σ extracted from 
experimental data at KARMEN, by using u"I target [37] and at LAMPF, by using 12C 
target [38], we need the evaluation of à from eq. (12) by summing only over the particle 
stable excited states of the nuclei produced in the studied reactions. This means that the 
final nuclear states | / > one should include in the summation over the continuum must 
lie: (i) below the neutron threshold energy E"hres for the neutrino reaction and (ii) below 
the proton threshold energy E*hres for the antineutrino reactions. Such calculations are 
in progress and will apear elsewhere (see ref. [43]). 
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V. SUMMARY A N D CONCLUSIONS 

In the present work we have done a systematic study of the charged current neutrino-

and antineutrino-nucleus inclusive cross sections for intermediate energies 20MeV < 

Ευ < 500MeV\ We have chosen a set of eight nuclei which are very important from 

an experimental point of view in ongoing experiments and current proposals. We have 

used a reliable method which is based on the local density approximation in finite 

nuclei and uses the Lindhard function to take into account the effects of the Pauli 

blocking and Fermi motion into the nuclear medium. It also takes into considaration 

the renormalization of the currents involved in the process and the distortion of the 

Coulomb field due to the outgoing charged lepton. 

We have also discussed the average cross section σ which for vt can be directly 

compared with the corresponding value given by experiments at Κ ARMEN and LAMPF. 

Since, the method used has been checked previously in other similar reactions, the 

inclusive cross sections obtained in the present work are reliable and can be used in the 

study of neutrino detection at intermediate energies. 

We would like to acknowledge partial support from the Spanish CICYT contract 

number AEN 93-1205 (E.O.) and the European Union Human Capital and mobility 

Program contract number CHRX-CT 93-0323 (T.S.K.). 
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