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Energy dependence of fusion cross sections
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Observed enhancements of fusion cross sections at low energies are explained as caused by an underestimate
of beam energy due to an overestimate of the stopping energy loss.

PACS numbs(s): 25.70.Jj, 34.50.Bw

It was claimed recently1,2] that the experimental and energy gain will be smaller if the nonadiabatic probability of
theoretical Coulomb penetration factors for very low ener-the electrons being in an excited state is taken into account.
gies, of the order of magnitude 5—-20 keV, are in disagree- The experiments, on the other hand, call for a larger pen-
ment with each other for different light projectiles and tar- etration, i.e., a larger energy gain than that given by the
gets, in such a way that some of the experimental crosadiabatic approximation, and that could never be due to elec-
sections, although very small, are higher than predicted frontronic rearrangement. Time-dependent Hartree-Fock calcula-
the usual penetration factors. Knowledge of these factors isons confirm this statementt]. We shall here propose an-
necessary to obtain information about the cross sections of @her possible explanation, also mainly of electronic origin,
number of reactions of astrophysical interest. The penetratiofor the observed effect. The energy of the projectiles, which
factor, together with the de Broglie factBr !, contains the take part in the measured nuclear reaction, is not that of the
main energy dependence of the cross sections. The astroriginal incoming beam; they have lost energy in collisions
physically relevant energies of relative motion of ions arewith atoms of the target gas before they reach the region to
generally small compared to most experimental ones and thehich the detectors are sensitive. This energy loss was esti-
Ccross sections are often obtained by extrapolation. Thereforepated from experiments concerning stopping of ions,
these discrepancies must be resolved before the use of sushpplemented by stopping thed#;6]. Since reliable experi-
experimental cross sections in astrophysics can be justifiednental results mainly concern higher energies, the numbers

A correction factor for electronic screening was intro- for the relevant energies<{10 keV) have been obtained
duced[3] as a possible explanation for the observed discrepfrom extrapolation by means of the theory assuming velocity

ancy. proportionality in this extrapolation to low energies. In Ref.
To simplify the discussion we shall in the following con- [2] the energy loss of 10 keV deuterofisb. Syst) between
sider one definite nuclear reaction: the entrance of the gas chamber and the region where the

detector is placeda distance of 10.5 cjris estimated to be
210 eV (Lab. Syst) (in a *He gas atp=0.20 Tory. The
energy of the original incident beam was given with 0.05%
precision.

If deuterons, as most often is the case, are the beam and In the *He+d c.m. system the incoming energy and en-
the target a gas of atomitHe, the effect may be ascribed to ergy loss estimate are 6 keV and 126 eV, respectively.
the two electrons of He which in an adiabatic approach will An energy gain in the relative motion of the nuclAiE,
distribute themselves for each nuclear distance in such a wdgads to an enhancement of the Coulomb barrier penetration
as to minimize the electronic energy. When this is added tdy a factor
the Coulomb repulsion of the nuclei a new, lower barrier, as
a function of the distance between the nuclei is obtained. The f(E)=exd mnAE/E] 2
maximal lowering comes when the nuclear distance is ne A
zero where it is given by the energy difference betweenz
Li " ion and a He atom, i.e., 120 eV. The lowering of the

Coulomb barrier is equivalent to an energy gain for the InCI'charges of the colliding ions divided by their relative veloc-

dent particles of 120 eV. o . L ) )
The 120 eV represents an upper limit of the effect in at'ty’ In units whereg is in keV, masses in amu:

least two ways: The adiabatic energy gain for larger dis- mn=15.6%,Z,[ u/E]Y2 3
tances between the nuclei must be smaller, and the average
The observed enhancement is approximately 1.57. Re-
markably, this is just the number which would be seen if the
“Permanent address: Centro dei€a das Intera@es Fundamen-  stopping energy loss were completely neglected, i.eAEf
tais (CFIP), Inst. Sup. Tec., Av. Rovisco Pais, 1096 Lisboa, Portu-were replaced by 120126 eV.
gal. New, and presumably overlooked, experimental results on
TPermanent address: Dipartimento di Fisica “G. Galilei,” Via low energy electronic stopping of proton and deuteron pro-
Marzolo 8-35131 Padova, ltaly and INFN, Laboratori Nazionali di jectiles in helium gag7] indicate that the ionization cross
Legnaro, Legnaro, Italy. sections and therefore also the energy loss, at low bombard-

d+3He—*He+p. (1)

his was also the factor which, f&tE = 120 eV, was used
bove, giving too little enhancement: 1)26
Here » is the Sommerfeld parameter, given by the
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ing energies are considerably smaller than that given by thalong these lines bring the theoretical values for the Cou-
above-mentioned extrapolation method. This is related to thiomb penetration factors into the range of the experimental
fact that the cross section for the relevant process, i.e., iorerrors, cf. the data given in Refl] on thed-*He process,
ization of target and projectile, which process is dominant at.e., Fig. 5.22 in that reference.

energies of 30 to 100 keV, falls off rapidly with lowering of  The considerations given above will be followed up by
the projectile energy, according to semiclassical ionizationjetailed calculations of stopping energy loss along the lines
theory [8] approximately as=”, cf. Eq. (3.13 of the said gjready sketched. The authors feel, moreover, that the pre-
reference. Therefore, at some lower energy value, anothgminary numbers given here encourage further explanation
process will dominate in the energy loss mechanism, namel¥|ong these lines. The meaning of this Rapid Communica-

the transfer of an electron between the target and the pOSiti;’t?on, while waiting for the results of lengthy calculations, is

Ir(;n igioj\?v?tt;:elbl-vzerir?rocs)fs ;ici')%%fg;rt;ﬁ pg?]%erss_ails(:gg”rseﬁ 0 suggest, e.g., to astrophysicists, that the present discrep-
evgntyre ion howeger only &8 cf congsideragg,ns in Ref ancies between theory, withclusionof an electron screen-
gron, » Only ' " ing factor, and experiment may well be explained within the

Erga]l"ez'?oer’ ?‘r?)m iq(:;-rg.isai ;Ii—:ee v(\j/ﬁ;]”a::t(lnonnstgfrntﬂ:/eelglzeil'[ssgﬁs,lo frame of usual atomic collision theory, thus posing no serious
y y 9 y problem for nuclear astrophysics.

leads o a decrease of the cross section at lower engfjies In conclusion we should like to quote Lindhard “It seems

::?F\;\é?;/:r:é;m the suggested mechanism this effect is of mlno[r:)robable that the measurementsfHe fusion primarily can

A quantitative determination of these effects, based on th(E-)e used to estimalew energy stoppingf d in He” [11].
coupled channels formalism, has been given by Grande and The authors want to thank J. Lindhard, H. H. Andersen,
Schiwietz[10]. These calculations, which agree with the ex-and J. P. Hansen for very valuable discussions and construc-
perimental values of Golser and Semf&@{#l show that ford-  tive suggestions concerning this problem. Three of the au-
3He collisions with center-of-mass energies of 6 keV, thethors are grateful for hospitality of the Niels Bohr Institute,
mean energy loss is less than 30% of that given by the exene of the author$L.S.F) acknowledges a grant from SNF
trapolation procedure mentioned above. The numbers revisaghich payed part of the stay at NBI.
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