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The Electron Screening 

Effect 
 in Nuclear Astrophysics 



As we have seen in previous talks there are 
Several open issues which need a strong  
contribution from experimental  
nuclear astrophysics 
•  Understand energy production in stars 
•  BBN 
•  Nucleosynthesis 
•  Explosive phenomena 



Elemental abundance in the Universe 

The main problem in the  charged particle cross section measurements at  
astrophysical energies is the  presence of the  Coulomb barrier  between 
the interacting nuclei 

It determines exponential drop in abundance curve ! 

tunnel 
effect 

Ekin ~ kT  (keV) 

nuclear well 

Coulomb potential V 

r r0 

  Ecoul ~ Z1Z2  (MeV) 
tunnel 
effect 

 reactions occur through   
TUNNEL EFFECT           

in numerical units: 

2πη = 31.29 Z1Z2(µ/E)½  

 µ in amu and Ecm in keV  

tunneling probability    

 P ∝  exp(-2πη) 

2πη = GAMOW factor 



σ  in the range nano-picobarn  

in general, their direct evaluation 
is  

-severely hindered 

-and in some cases even beyond 
present technical possibilities. 

@ Gamow energies 

Possible solutions: underground measurements, 
extrapolations 



CROSS SECTION 

Experimental procedure  

LOG 
SCALE  

⇓ 

direct measurements 

E0 Ecoul 
Coulomb barrier 

σ(E) 

non-resonant 

resonance 

extrapolation needed ! 

many orders  
of magnitude 

The extraction of the  cross sections σb(E)  at the astrophysical 
energies (Gamow energies) could  be estimated by extrapolating 
measurements performed at higher energies 

Bare Nucleus Astrophysical S(E)-factor is introduced. 



The  DANGER  OF  EXTRAPOLATION  …  

large uncertainties in the extrapolation! 

Necessary is Maximize the signal-to-noise ratio 

 - IMPROVEMENTS TO INCREASE  

  NUMBER OF DETECTED PARTICLES 

 4 π detectors 

 New accelerator  at high beam 
intensity           

SOLUTIONS 

- IMPROVEMENTS TO REDUCE  

  THE BACKGROUND  

 Use of laboratory with natural 
shield -  ( underground physics) 

  Use of magnetic apparatus  (Recoil 
Mass Separator)                                       
 

o 



 
The electron screening effect must 

 be taken into account  
 

However 

In the accurate measurements 
for the determination of 
nuclear cross-sections at the 
Gamow energy, in  laboratory, 
enhancement flab(E) –factor in 
the astrophysical Sb(E)-factor 
has been found 

(Assenbaum,Langanke,Rolfs: Z.Phys.327(1987)461) 
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Electron Screening 

•  Phenomenological approach 

 
•  Adiabatic approximation 

 

At astrophysical energies the presence of electron clouds must be taken into 
account in laboratory experiments.   

Enhancement in the  
astrophysical S(E)-factor 
S(E)s=S(E)bexp(πηUe/E) 

1

B
a Z

RR ≈ RB: raggio di Bohr 

(Assenbaum H.J. et al.: 1987, Z. Phys., A327, 461) 

For nuclear reaction induced in 
laboratory the target  and 

projectile nuclei are in the form 
of atoms. 

The atomic electron cloud 
surrounding the nucleus acts as a 
screening potential  Ue 

 
 

 

 

 



 
If vp<<vB=Zαc (low velocity case) the electrons continuously rearrange their 
orbits while projectile and target approach each other, i.e.  the electron 
 wave function re-adjust itself continously 

 
  at any time it is an eigenfunction of the two-center Hamiltonian. 

In this approximation the electron screening 
potential is 

 
Uad = E(1) + E(2) – E© 

 

Bracci et al. (1990) 

Adiabatic approximation (low velocity case) 

3He(d,p)4He 119 eV
7Li(p,a)4He 186 eV
6Li(d,a)4He 186 eV

with E(i) electronic binding energy of the i-th atom and E© the 
electronic binding energy of the compound nucleus 

 



Electron screening in the laboratory 
Direct Measurements 

Engstler et al. 1992 

Stellar Screening ≠ 
Laboratory Screening 

Experimental 
 Data 

(Shielded) 

Extrapolation of Sb (Bare) 
Autofitting procedure 

Correction for stellar screening 
     (Debye-Hückel theory) 

An experimental measurement 

 of Ue allows: 
•  a determination of Sb 

(applications) 

•  to study electron screening in 
laboratory conditions and then 
in stellar plasma 
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3He + 2H à p + 4He 



Possible explanations: 
•  lack of knowledge for energy loss at E<100 keV;  
•  extrapolation of Sb(E) at astrophysical energies; 
•  theoretical models of electron screening    (atomic 

physics) 

Systematic discrepancy  
           (Engstler S. et al.: 1992, Z. Phys., A342, 471) 

(Ue)exp >> (Ue)ad  (Prati P. et al.: 1994, Z. Phys., A350, 171) 

        (Zahnow D. et al.: 1997, Z. Phys., A359, 211) 

Works made in a long campaign by Rolfs’ group 

Values of Ue were estimated for several reactions by means of 
comparison between direct data with extrapolations 
Ue (ad)  Ue  6Li(d,α)4Ηe 	
Ue  7Li(p,α)4He   Ue  6Li(p,α)3He 	


186 eV  330 ± 120 eV   300 ± 160 eV   440 ± 80 eV 

 

 



To avoid extrapolations, 
experimental techniques were 
improved; 

To extract from direct (shielded) 
measurements the bare astrophysical 
Sb(E) -factor, extrapolation were 
performed at higher energy 

After  improving measurements (at very 
low energies), electron screening 
effects were discovered;  

IN SUMMARY…                                                             
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 (R.Bonetti et al:  
Phys. Rev. Lett.82,(1999),5205) 

3He + 2H à p + 4He 



Systematic study (58 samples) of Ue in D(d,p)t in deuterated metals 

Can a metallic environment simulate stellar plasma? 
Czerski K. et al.: Europhys. Lett. 54 (2001) 449 

Ue (D-metal ) ~ 10-30 times than in  Ue (D-gas)  

Study of electron screening for D(d,p)t in deuterated targets (Ti,Al,Zr)  
“the plasma of the poor” 

•  Electron screening potential was measured for d(d,p)t reaction 
with deuterons implanted in metals 

•  Large values (Ue>> adiabatic approx.) were measured 
•  Several years of work of Claus’ group in Bochum (with Catanese 

contaminants), Berlin, Japan and other places 



A more enhanced screening effect is 
seen in metals (blue) (Uad=30 eV ) 
 
 
Raiola et al. EPJ A,2002 & 2004 

F. Raiola et al.: Enhanced electron screening in d(d,p)t for deuterated metals 285

Fig. 1. Astrophysical S(E) factor of the reaction d(d,p)t as
obtained for the deuterated samples Cu, Nd, Hf, and Pt (E =
e!ective center-of-mass energy). The dotted curve represents
the bare S(E) factor, while the solid curve includes the ex-
ponential enhancement due to electron screening with the Ue

value given.

(center-of-mass energy E in keV), as found previously [4,
5]. Relative to this function, the data were fitted with the
enhancement factor of eq. (1): the resulting Ue values are
summarized in table 1.

In one experiment, we increased the target tempera-
ture to T = 100 !C using di!len oil supplied by a cryo-
circulator (JULABO FP90), whereby a thermoelement
had been placed behind the target to measure T with
a precision of 2 !C (including beam-heating e"ects). For
deuterated Pt we find Ue = 530±40 eV (with 1/x = 0.06)
showing a decrease of Ue with increasing T (for T = 20 !C:
Ue = 670 ± 50 eV, 1/x = 0.06; table 1).

In another experiment, we used a deuterated Pt tar-
get and a 3He ion beam in combination with the reaction
d(3He, p)4He to study the associated electron screening
e"ect; here we have Sb(E) = 6.7 + 0.0243E (MeV b),
with center-of-mass energy E in keV. The result is Ue =
680±60 eV showing that high Ue values do not depend on
the kind of ion species but are a feature of the deuterated
metals.

3 Discussion

A comparison of the Ue values with the periodic table in-
dicates a common feature (fig. 2): for each group of the
periodic table, the corresponding Ue values are either low
(“gaseous”) as for groups 3 and 4 and the lanthanides, or
high such as for the groups 2, 5 to 12, and 15. Group 14 is
an apparent exception to this feature: the metals Sn and
Pb have a high Ue value, while the semiconductors C, Si,
and Ge have a low Ue value indicating that high Ue values
are a feature of metals. A similar situation is found for
group 13: B = insulator, Al and Tl = metals. The indi-
cation is supported further by the insulators BeO, Al2O3,
and CaO2. The deuterated metals of groups 3 and 4 and
the lanthanides have a high hydrogen solubility, of the
order of one, and thus represent also insulators; their ob-
served solubilities are consistent with previous work [8].
For the metals with high Ue values, the solubilities are
reported to be quite small, but actual values at room
temperature are not available except for a few cases; the
present work leads to solubilities of about 12% on average
leaving the metallic character of the samples essentially
unchanged.

Since the data for all metals with large Ue values could
be fitted well with eq. (1), the enhanced cross-section is
most likely due to electron e"ects of the environment of
the target deuterons. Various aspects of the metals were
discussed previously to explain possibly the data [5,6]:
stopping power, thermal motion, channeling, di"usion,
conductivity, crystal structure, electron configuration, and
“Fermi shuttle” acceleration mechanism; however, none of
these aspects led to a solution.

If ne! is the number of valence electrons per metal-
lic atom which can be e"ectively treated as classical and
quasi-free, one may apply the classical plasma theory of
Debye leading to an electron sphere of radius [9]

RD = (!0kT/e2ne!"a)1/2 = 69(T/ne!"a)1/2 (m) (4)

around positive singly charged ions (here: deuterons in
the lattice) with the temperature of the free electrons T
in units of K and the atomic density "a in units of m"3.
For T = 293 K, "a = 6 ! 1028 m"3, and ne! = 1, one ob-
tains a radius RD, which is about a factor 10 smaller than
the Bohr radius of a hydrogen atom. With the Coulomb
energy between two deuterons at RD set equal to Ue, one
obtains Ue = (4#!0)"1e2/RD = 300 eV, the order of mag-
nitude of the observed Ue values. A comparison of the
calculated and observed Ue values leads to ne! given in ta-
ble 1: for most metals ne! is of the order of one. The accel-
eration mechanism of the incident ions leading to the high
observed Ue values is thus —within our simple model—
the Debye electron cloud at the rather small radius RD.

A critical test of the classical Debye model is the pre-
dicted temperature dependence, Ue " T"1/2. For deuter-
ated Pt we find a ratio Rexp = Ue(100 !C)/Ue(20 !C) =
0.79 ± 0.08, in fair agreement with the expected value
Rtheo = 0.88 ± 0.01 from our model. If one includes
the observed 8 ± 2% decrease of ne! over this tempera-
ture range (see below), the agreement is somewhat bet-
ter (Rtheo = 0.84 ± 0.02). A new setup is in preparation



Idea: quasi-free electrons in a metal could simulate free 
electrons in stellar plasma (classical picture). 
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Fig. 2. Periodic table showing the studied elements, where those with low Ue values (Ue < 100 eV, small e!ect) are lightly
shadowed and those with high Ue values (Ue ! 100 eV, large e!ect) are heavily shadowed.

to extend the measurements to significantly higher tem-
peratures (more than 400 !C). It has been found that at
low temperatures the hydrogen solubility increases rapidly
such that the material becomes an insulator (e.g., Ta as
reported in [5]).

An alternative determination of ne! is obtained from
the observed Hall coe!cient for metals at room tempera-
ture (see [10] and references therein),

CHall = (ene!(Hall) !a)"1 , (5)

where for about 50% of the metals in table 1 the coe!-
cient is negative (electron carriers) and for the other one-
half it is positive (hole carriers). Since in the latter case
essentially also electrons move (however, in the opposite
direction), we assumed that any dependence on the + or
! sign of CHall can be neglected (which needs theoreti-
cal verification). The resulting ne!(Hall) values are also
given in table 1: there is a remarkable correlation between
ne! and ne!(Hall) both for electron and hole carriers, i.e.
within 2 standard deviations the two quantities agree for
all metals with a known Hall coe!cient, except for Pd and
Ir. Our own measurement of the Hall coe!cient for Pd led
to ne!(Hall) = 3.4 ± 0.7 removing essentially the discrep-
ancy with ne! = 6.3 ± 1.3. Thus, it appears desirable to
measure or remeasure the Hall coe!cient for all metals
with a high Ue value (table 1).

Although the classical Debye model appears to ex-
plain to a large extent the data, it is well known that
most of the conduction electrons are not classical but are
frozen by quantum e"ects and only electrons close to the
Fermi energy (EF) actually should contribute to screen-

ing. A standard calculation of a Fermi gas at low temper-
ature (kT " EF) yields an e"ective number ne!(Fermi) =
0.67kT/EF and, correspondingly, the screening potential
energy Ue should be about 10 eV at room temperature
(for EF = 3 eV). However, near room temperature the
Hall coe!cient CHall is observed for many metals to in-
crease with temperature [10], e.g. for Pt by 8% between
T = 20 !C and 100 !C, while from ne!(Fermi) one expects
a decrease for CHall by 34% over this temperature range.
Furthermore, inserting ne!(Fermi) into eq. (4), one ex-
pects no temperature dependence for Ue, in conflict with
our observation. Thus, the data for the electron screening
as well as for the Hall coe!cient suggest some deviation
from this simple, however well-established, treatment of
conduction electrons.

It should be pointed out finally that improved mea-
surements of the electron screening e"ects in deuterated
materials require an Ultra-High-Vacuum system with in
situ analysis methods of high depth resolution such as
SIMS, AES and XPS to characterize in deeper detail the
environment of the deuterium atoms at the surface.
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Electron screening in stars is rather different than in lab … and 
to assume stellar plasma behaves like “poor plasma” in metals is 

just a hipothesis 

Up to now:  Correction of the reaction rate for stellar screening 
(Debye-Hückel theory) 
 
 

i.e. it is assumed a correction to the bare nucleus reaction rate 
 which depends on stellar plasma conditions 

Ue =
Z1Z2e

2

RDebye
fstar    <σv>  e

πηUe
E∝



NEW METHODS ARE NECESSARY   

- to measure cross sections at never reached 
energies 

 

Independent measurements of bare nucleus S(E) factor 
and electron screening potential  Ue are needed !!! 

- to retrieve information on electron screening effect 
when ultra-low energy measurements are available. 

INDIRECT METHODS 
ARE NEEDED 



a) - Coulomb dissociation  

      to study radiative capture reactions 

b) - Asymptotic Normalization Coefficients (Anc) …to extract direct 
capture cross sections using peripheral  

      transfer reactions  

 

d) - The Trojan Horse Method (THM)  

      to extract charged particle reaction cross sections using  

       the quasi-free mechanism… 

Main  Indirect Metods 

 c) – Beta Delay decays studies and other methods 



Trojan Horse Method (outlook) 

Main  application:  

Charged particle bare nucleus 
cross section measurements at 
astrophysical energies   

Basic idea: 

It is possible  to extract 
astrophysically the relevant two-
body cross section  σ 
 

B + x  à  C + D 
 
from quasi- free contribution   
of an appropriate three-body 
reaction 
 

A + B  à  C + D + S 

SEE SILVIO’S LECTURE 
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-The A nucleus present a strong 
cluster structure: A = x ⊕ S clusters 

-The S cluster acts as a spectator 

(it doesn’ t take part to the reaction) 

-The x cluster (participant) interacts 
with the nucleus B   

B + x  à  C + D 
 

Quasi-Free mechanism 

SEE SILVIO’S LECTURE 



Results for Lithium I 

 ◊   Engstler S. et al.: 1992, Z. Phys., A342, 471 
 
  •   C. Spitaleri et al.: 2001, Phys. Rev. C. 63, 055801 

  
     
     S. Cherubini et al.: 1996 Ap. J., 457, 855 

Ue=340±50 eV 
Uad=186 eV 
S0=16.9 MeV b 

• No screening effect at E<100 keV for indirect data; 
• Direct and indirect methods are complementary; 
• Independent determination of Sb(E) and Ue; 
• Previous extrapolations of Sb are confirmed. 

6Li + d → α + α	


Electron screening enhancement 
 

Bare nucleus THM 



Results for Lithium II (see talk Lamia) 

Ue=425 ±60 eV 
Uad=186 eV 
S0=53 ± 5 keV b 

◊ Engstler S. et al.: 1992, Z. Phys., A342, 471 
 
•   Lamia L. et al.: 2012, Astr. & Astroph.  158 
 
  Pizzone R.G.  et al.: 2003, A.& A.. 9, 435 

• Previous extrapolations 
of Sb(E) are confirmed; 
• Independent 
measurement of Ue. 

A&A 541, A158 (2012)

Fig. 3. The bare nucleus TH S b(E)-factor of Lattuada et al. (2001)
(black points), normalized to the direct ones of Cruz et al. (2005, 2008)
(red and blue circles, respectively) via the renormalization constant k.
The direct measurement of Engstler et al. (1992) is also reported (open
diamonts). The full line describes the TH S b(E)-factor while the dashed
line is the fit of the low-energy (<60 keV) direct data of Engstler et al.
(1992), giving Ue = 425 ± 60 eV.

Table 1. Experimental values of the S b(0)-factor and the electron
screening potential Ue, as reported in the di!erent papers, together with
the results obtained in this work.

Year of Paper S b(0)±"S b(0) Ue ±"Ue
Publication (keV b) (eV)
1986 Rolfs & Kavanagh (1986) 52± 8 –
1992 Engstler et al. (1992) 59± 23 300± 280

300± 160
2000 Aliotta et al. (2000) !40 350
2000 Barker et al. (2000) 58 –
2001 Lattuada et al. (2001) 55± 3 330± 40
2008 Cruz et al. (2008) 55.6+0.8

"1.7 237+133
"77

2011 Adelberger et al. (2011) 55± 6 –
2011 Wang et al. (2011) 61.6± 1.7 310± 109

218± 38
2012 Present work 53± 5 425± 60

into account a #14% related to the uncertainties on the low-
energy direct data of Engstler et al. (1992). The full line in Fig. 3
represents the bare nucleus S b(E)-factor from Eq. (5), while
the dashed line is the result of our fit. In addition, in Table 1,
the values of both S b(0) and Ue, available in the literature, are
reported.

The 7Li(p, !)4He reaction rate was evaluated here by inte-
grating the TH S b(E) (as in Eq. (5)) over the energy range ex-
plored here, which corresponds to the temperature range 0.01 !
T9 ! 2. In the integration of the S (E)-factor, the low energy
trend assumed by NACRE (Angulo et al. 1999), namely the
extrapolation of Engstler et al. (1992), was replaced by the
TH measurement given here. Thus, the TH reaction rate was
expressed by means of the analytical expression given in the
NACRE compilation (Angulo et al. 1999) times a correction fac-
tor fcorr(T9)

NA$"v%THM = NA$"v%NACRE fcorr (7)

with

fcorr(T9) = 0.966+0.184&10"1 ln T9+0.545&10"3(ln T9)2, (8)

Fig. 4. Ratio of the adopted THM 7Li(p, !)4He reaction rate to that eval-
uated by the NACRE compilation (Angulo et al. 1999) (full blue line),
together with THM upper and lower limit (red dashed lines). This is
compared with the upper and lower values recommended in NACRE
(black dashed lines).

Fig. 5. Upper and lower panels show the published values for the zero-
energy S (E)-factor and electron screening potential Ue, respectively.
The numerical values and the related errors (where given in the original
works) are listed in Table 1.

where T9 is the temperature in billions of kelvin. The ratio of the
reaction rate obtained here to that reported in NACRE is shown
in Fig. 4, while in Table 2 both the NACRE reaction rate and
the present one are summarized. The 7Li+p reaction rate evalu-
ated here di!ers from the adopted one by #13% at T9 = 10"3

and of #5% at the temperature of T9 = 1, corresponding to
the energy range investigated here. In Fig. 5, we summarize the
available measurements of the zero-energy S (E)-factor and the
electron screening potential. A clear agreement among the S (0)
values is evident in all the measurements performed over the
past two decades. A larger uncertainty still a!ects the electron
screening potential mainly because of the extrapolation proce-
dure applied to the direct data, as well as the uncertainties in the
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L. Lamia et al., in press on APJ (2013) 
R.G. Pizzone et al A.& A. 2005, 5754 

Ue=355 ±100 eV 
Uad=186 eV 
S0=3.44 ± 0,35 MeV b 

RESULTS FOR LITHIUM III 
(see Talk Lamia) 

Lamia et al.: Updated 6Li(p,�)3He reaction rate via the THM

Fig. 3. The TH measurement (red-squares) normalized to the available direct measurements of of Elwyn et

al. 1979, Kwon et al. 1989, Cruz et al. 2008 and Cruz et al. 2005. The previous TH measurement discussed

in Tumino et al. 2003 are also shown as black-points. The direct measurement of Engstler et al. 1992 is also

reported. The full line is the weighted fit between the two TH data set while the dashed line is the fit of the

low-energy (<60 keV) direct data of Engstler et al. 1992, giving Ue=355�100 eV.

et al. 2008, being the low-energy data of Cruz et al. 2005 a�ected by the electron screening e�ect.

In particular, the more accurate data of Cruz et al. 2008, a�ected by an overall error of about�6%

(Cruz et al. 2008), together with the direct measurements proposed in the NACRE compilation

(Angulo et al. 1999) constitute a single set of experimental results to which the TH data have been

normalized. The result of such procedure is shown in Fig.2, where the TH data discussed here are

shown as full-red squares, while the direct measurements of Cruz et al. 2008 and Cruz et al. 2005

are shown as open diamonds (blue and red, respectively). The other direct measurements, as given

in the NACRE compilation of Angulo et al. 1999 are also shown. Full-black points are the data

of the previous TH experiment discussed in Tumino et al. 2003. The two set of TH data shown in

Fig.2, namely full-black squares and points, have been then fitted via the polynomial function

S b(E) = 3�44�3�50�E + 1�74�E2 + 0�23�E3 (5)

The fit of the bare-nucleus S(E)-factor given in Eq.5, shown as a black full line in Fig.3, yields

S(0)=3.44�0.35 MeV b, where the evaluated error takes into account a�3% due to the normaliza-

tion procedure, a�7% (in average) due to the present statistic and to a further error of�7% due to

the uncertainty (on the average) on the direct data. In Eq.5 the energy E is expressed in MeV. In

order to extract the value of the electron screening potential, the low-energy (<60 keV) direct data

of Engstler et al. 1992 and Cruz et al.2005 have been fitted via the formula

S sh(E) = S b(E)�exp(��Ue�E) (6)

leaving Ue as the only free-parameter. The fit fixes the free parameter to Ue=355�100 eV, where

the quoted error takes into account a�12% due to the uncertainties on the low-energy direct data of

Engstler et al. 1992. The recent determination of the electron screening potential reported in Lamia

et al. 2012 of Ue=425�60 eV for the 7Li+p case nicely agrees with the value extracted here, thsu

confirming the isotopic independence e�ects for electron screening phenomena (see Assenbaum et

7

6Li+p→ α + 3He 

Lamia et al.: Updated 6Li(p,�)3He reaction rate via the THM

Fig. 6. Upper and lower panels show the published values for the zero-energy S(E)-factor and electron screen-

ing potential Ue, respectively. The numerical values and the related errors (where given in the original works)

are listed in Table1.

Year of Paper S(0)��S(0) Ue��Ue

Publication (MeV b) (eV)

1992 Engstler et al. (1992) 3.09�1.23 470�150

440�150

2000 Barker et al. (2002) 3.56 260

2003 Tumino et al. (2004) 3.00�0.19 �450�100

2008 Cruz et al. (2008) 3.52�0.08 237�111

2011 Wang et al. (2011) 3.63�0.13 310�109

218�38

2012 Present work 3.44�0.35 355�100

Table 1. Experimental values of the Sb(0)-factor and of the electron screening potential Ue, as reported in the

di�erent papers, together with the results obtained in this work.

servations in the interstellar medium of Howk et al.2012, on the contrary, for low-metallicities a

precise value of the original abundance is not yet determined (see Prantzos et al. 2012 for details).

However, since in the present work, we are interested only in a di�erential analysis, the quoted

uncertainty in the initial abundance is not relevant.

10
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Fig. 2. S(E) factor for the 2H(d,p)3H reaction: black dots = THM data; colored
symbols=direct data. Blue and red solid lines represent the theoretical l = 0 and l =
1 contributions respectively. The black solid line is their sum normalized to direct
data. Green, blue and yellow dashed lines represent the polynomial/R-matrix fits on
direct data from [8,9] and [10], respectively. The dashed black line is the result of a
fit to the direct data in the low energy region, where screening effects are present.
The bottom panel shows the residuals of direct data to the black solid line, with
dashed lines indicating the 1-sigma error bars. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this Letter.)

a symbol and a color to each reference). The very regular trend
of TH data contrasts with that of direct data taken as a whole,
both in energy dependence and absolute values, with deviations of
more than 15%. The polynomial/R-matrix fits to direct data, usually
taken as reference, are shown as green [8], blue [9] and yellow
[10] dashed lines. They barely overlap with most of the direct
low-energy data, in particular in the case of the 3He + n chan-
nel, probably due to their larger scatter. Conversely, the green line
seems to agree with low-energy TH data, while for Ecm > 200 keV
they seem to be better reproduced by the blue line. However, none
of them correctly reproduces the slope of the THM S(E)-factor
in the entire energy region investigated, thus calling for a revi-
sion of the previous theoretical descriptions based on these new
high quality data. We provide a new parameterization of the THM
S(E) factor as a sum of the theoretical l = 0 and l = 1 contribu-
tions (blue and red solid lines, respectively), with relative weight
fixed from the fit to the measured three-body coincidence yield.
This gives the total S(E) factor shown as a black solid line in each
figure. Comparison with THM data yields !̃2 of 0.2 for both chan-
nels. For a better assessment and comparison, the bottom panels
of Figs. 2 and 3 show the residual scattering in the direct data
about this curve divided by the weighted dispersion " (1.82 keV b
for the 3H + p and 4.24 keV b for the 3He + n channel), as reported
in [9] for a one parameter fit or renormalization where systematics
dominate. The dashed horizontal lines represent the 1-sigma error
bars. These plots help to visualize the trends of the deviation from

Fig. 3. S(E) factors of the 2H(d,n)3He reaction: black dots = THM data; colored
symbols = direct data. Lines have the same meaning as in Fig. 2. Same meaning
also for the bottom panel. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this Letter.)

the normalized theoretical S(E) factor for each of the direct data
sets.

The THM parameterizations of the S(E) factors lead to new val-
ues of S(0) = 57.4 ± 1.8 keV b for 3H + p and 60.1 ± 1.9 keV b for
3He + n, with uncertainties including the 1% normalization error
and 3% coming from the theory, combined in quadrature (the mea-
sured values at 2 keV are 58.2 ± 2.9 keV b and 60.3 ± 3.1 keV b
respectively). The insets in the upper panel of both Figs. 2 and 3
help to compare these values with previous ones usually taken
as reference [8–10]. The deviations are of 15%–20%. Note that the
S(0) values for the 3H + p channel given in literature are usually
larger than those for the 3He + n one, in contrast with the present
estimates that provide a ratio of 0.96 ± 0.04. This confirms the
predictions of [22], where this little difference in the S(0) values
is attributed to the different Q -values of the two mirror d + d fu-
sion channels. Our result is also consistent with the ratio obtained
in [5] using screened data. This indicates that screening effects in-
fluence the 3H + p and 3He + n data of [5] in the same way, thus
providing additional test of the isotopic invariance in the electron
screening.

A comparison between the THM S(0) factors to the direct
data at ultra-low energies provides further insight into the elec-
tron screening effect. The inset in Fig. 2 shows how available
2H(d,p)3H direct data below 15 keV deviate from the expected
bare nucleus behaviour (i.e. the THM data), because of the elec-
tron screening. Thus, a comparison between the two data sets
allows for an estimate of the screening potential Ue as defined
in the screening function f lab(E) ! S(E)/Sbare(E) = exp(#$Ue/E)
[23]. Low-energy direct data at 14.95 keV from [5] were first nor-
malized to the THM Sbare(E) (black solid line) and then fitted with

Ue= 13,2±2 eV 
Uad=14 eV 
S0=57.4 ± 1,8 keV b 

Only case in agreement with  
adiabatic limit, investigation  
still going on.  

A. Tumino et al. Phys. Lett. B 700 (2011) 



Ue=676 ±86 eV 
Uad=240 eV 
S0=21 ± 0,8 MeV b 

RESULTS FOR 9Be(p,α)6Li 

Q. Wen et al., PHYS. REV. C 78, 035805 (2008) 

QUN-GANG WEN et al. PHYSICAL REVIEW C 78, 035805 (2008)

TABLE I. Astrophysical S factor for the 9Be(p,!)6Li via the
Trojan horse method.

Ec.m. (MeV) S(E) (MeV b) "S(E) (MeV b)

0.0125 20.7 4
0.0375 21.3 4
0.0625 26.3 5
0.0875 30.7 5
0.1125 33.8 5
0.1375 41.6 6
0.1625 51.0 7
0.1875 60.6 8
0.2125 71.9 9
0.2375 84.6 10
0.2625 91.7 11
0.2875 89.7 11

[9]. The normalization to direct behavior was performed in the
energy range 75!300 keV. The good agreement between the
two data sets is a necessary condition for the further extraction
of the astrophysical S(E) factor by means of the THM.

V. RESULTS AND DISCUSSION

The extracted bare-nucleus S(E) factor is shown in
Fig. 11 as full squares and summarized in Table I. The direct
data from Refs. [9,10] are also shown in Fig. 11. The behavior
of the indirect S(E) factor shows the presence of the expected
low-energy resonance at Ec.m. ! 0.27 MeV, corresponding to
the 6.87 MeV, J # = 1" level of 10B. Both data sets show a
similar energy dependence above #100 keV, while at lower
energies the direct data exhibit a strong increase. This can be
attributed to the electron screening effect, which is absent in
the indirect measurement.

The S(E) factor derived through the THM was fitted by a
fifth-order polynomial of the form

S(E) = S(0) + S1E + S2E
2 + S3E

3 + S4E
4 + S5E

5. (25)

The best fit is shown in Fig. 11 (solid line), and its coefficients
are listed in Table II. We can see the extracted S(E) factor
S(0) = 21.0 ± 0.8 MeV b.

The THM allows us to measure the bare astrophysical factor
Sb(E) [11], which can be compared with the screened (direct)
value Sd (E) to extract the associated screening potential
energy Ue by the equation [9,11]

Sd (E) = Sb(E) exp
!

#$Ue

E

"
. (26)

Using Eq. (26), we deduced the screening potential energy
of Ue = 676 ± 86 eV, which is much higher than the value

TABLE II. Coefficients of the fifth-order polyno-
mial fit for the S(E) factor.

Coefficients Value Error

S(0) (MeV b) 21.0 ±0.8
S1 (b) "92.4 ±13.4
S2 (MeV"1 b) 4669 ±78.5
S3 (MeV"2 b) "4.413$104 ±331
S4 (MeV"3 b) 2.193$105 ±1251
S5 (MeV"4 b) "3.768$105 ±3483
% 2/ndf 5.3/6

FIG. 11. (Color online) Bare-nucleus astrophysical S(E) factor
extracted via the THM (full squares) compared with the direct one
(open circles [9] and open triangles [10]); a fit to the indirect data
with a fifth-order polynomial [Eq.(25)] is also shown as a solid line.
The fit to determine Ue is shown as a dashed line.

one can expect from atomic physics models: Ue % 240 eV
(adiabatic limit [12]). And the result is lower than Ue %
830 eV, extracted from direct measurements with the inclusion
of the ER = "26 keV (i.e., Ec.m. = "23 keV) subthreshold
resonance & = 28 keV in the data analyses in Ref. [9]. The
subthreshold resonance corresponds to the 6.56 MeV level of
10B.
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Results for 11B+ p  

J. Phys. G: Nucl. Part. Phys. 39 (2012) 015106 L Lamia et al

Figure 14. S(E)-factor for the 11B(p,!0)8Be reaction extracted by means of the THM (black points)
with its fit given in terms of equation (11).

Figure 15. Experimental data from [29] (empty circles) ‘re-scaled’ to the experimental data
from [28], shown as full circles. The dotted line represents the bare nucleus S(E )-factor from
equation (13) while the full line is the results of our fit taking into account the exponential increase
due to the presence of the electron screening potential (see text for details).

6.3. Electron screening potential

Once the behavior of the bare nucleus S(E )-factor was evaluated, the electron screening
potential Ue was determined using the low-energy direct data of [29] normalized to those
of [28]. The adopted experimental data are displayed in figure 15; the empty circles are the
‘scaled’ data of [29] and the full circles are the experimental data of [28]. In [29], the authors
give the data as a sum of both !0 and !1 contributions, with the former !1% of the total
S(E )-factor; thus, the 1% of the S(E )-factor in [29] has been considered. First, the Ue potential

19

Ue= 472±160 eV 
Uad=340 eV 
S0=2,07 ± 0,41 MeV b 

L. Lamia et al. J. Phys. G 39 (2012) 015106 



n For the 3He(d,p)4He case (La Cognata et al. 2005): 

Ue (theo) Ue
(THM)  3He+d Ue (Dir) 3He+d 

115 eV 155 ± 15 eV 175 ± 30 eV 

The reaction 3He(d,p)4He 
is important for 

primordial nucleosynthesis 
as well as stellar one. 



n  Summary for reactions on the examined isotopes: 

Previous extrapolations for bare nucleus S(E)-factor as well as the 
electron screening potential are confirmed (statistical error only) 

Systematic Discrepancy with adiabatic limit as in direct data 

Isotopic effect confirmed 

 

Still very active field of research 

 

New possibility: plasma physics, lasers applications … 

The best is yet to come!! 
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