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Stopping of swift protons in matter and its implication for astrophysical fusion reactions
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The velocity dependence of the stopping power of swift protons in low-energy collisions is investigated. At
low projectile energies the stopping is mainly due to nuclear stopping and charge exchange of the electron. The
second mechanism dominates=sg 200 eV. A dynamical treatment of the charge exchange mechanism based
on two-center electronic wave functions yields transparent results for the exchange probability. We predict that
the stopping cross sections vary approximately ,%fs‘r’for projectile protons on hydrogen targets in the 1 keV
energy region.

PACS numbd(s): 26.20+4f, 34.50.Bw

Nuclear fusion reactions proceed in stars at low energiesyas probably obtained with an erroneous extrapolation of the
e.g., of the order of 10 keV in our Syn,2]. At such low stopping power for deuterons in helium targets to the low-
energies it is extremely difficult to measure the cross sectionsnergy regime. The fusion reaction occurs at a point inside
for charged-particle-induced fusion reactions at laboratonthe target after the projectile has slowed down by interac-
conditions due to the Coulomb barrier. One often uses d&ions with the atomic targets. In the experimental analysis
theoretical model to extrapolate the experimental data to thene needs to correct for this energy loss in order to assign the
low-energy region. Such extrapolations are sometimes facorrect projectile energy value for that reaction. These cor-
from reliable, due to unknown features of the low-energyrections were usually based on the Andersen-Ziegler table of
region. For example, there might exist unknown resonancethe stopping power of low-energy particlg®]. Because of
along the extrapolation or even some simple effect whichthe lack of experimental information on the stopping power
one was not aware of before. One of these effects is that the extreme low projectile energies needed for astrophysi-
laboratory atomic screening of fusion reactidids4]. It is cal purposes, the Anderson-Ziegler tabulation was extrapo-
well known that the laboratory measurements of low-energyated to the required energy, another example of a dangerous
fusion reactions are strongly influenced by the presence daéxtrapolation procedure. In fact, Golser and Sen&db-
the atomic electrons. This effect has to be corrected for irserved a strong departure of their experimental data from the
order to relate the fusion cross sections measured in the labextrapolations based on the Andersen-Ziegler tables for the
ratory with those in a stellar environment. Another screeningstopping of low-energy protons on helium targets. Grande
effect, arising from free electrons in the stellar plasma, willand SchwietZ10] performed a dynamical calculation of the
not be treated here. For about one decade, until 1996, orenergy dependence of the stopping power for this system and
observed a large discrepancy between the experimental datanfirmed that the extrapolation procedure cannot be ex-
and the best models available to treat the screening effediended to very low energies. Whereas at higher energies the
The simplest(and perhaps the bgsbf these models, the stopping is mainly due to the ionization of the target elec-
so-called adiabatic model, predicts that as the projectilérons, at astrophysical energies it is mainly due to charge
nucleus penetrates the electronic cloud of the target the eleexchange between the target and the projectile. References
trons become more bound and the projectile energy increasgg] and[7] used these arguments to explain the long-standing
by energy conservation. Since the fusion cross sections irdiscrepancy between theory and experiment for the low-
crease strongly with the projectile’s energy, this tiny amountenergy dependence of the reactitie(d,p)*He. Other re-
of energy gain(of the order of 10—100 eMeads to a large actions of astrophysical intere@.g., those listed in by Rolfs
effect on the measured cross sections. However, in order tand co-worker$3,4]) should also be corrected for this effect.
explain the experimental data, an extra amount of energy is In this work we address the problem of the stopping of
necessary — about twice the value obtained by the adiabatizery-low-energy ions in matter. To simplify matters, we
model. This is puzzling, since more refined dynamical mod-=study the simplest system+ H. It displays important fea-
els, e.g., the time-dependent Hartree-Fock m@Blelinclude  tures of the stopping power and has the advantage of allow-
electronic excitation and thus yield a screening energy whicling a simple solution.
is smaller than that obtained with the adiabatic model. Our approach is based on the solution of the time-

This problem was apparently solved in 1996 by Langankelependent Schdinger equation for the electron in a dy-
and collaboratorf6] and by Bang and collaboratdrg], who  namical two-center field. The static two-cenper H system
observed that the experimental data féte(d,p)*He — the  was solved by Teller in 193011]. He showed that as the
reaction for which the screening effect was best studied —distance between the protons decreases the hydrogen orbitals

split into two or more orbitals, depending on its degeneracy

in the two-center system. Analogous problems are well
*Electronic address: bertu@if.ufrj.br known in quantum systenf42]. For example, take two iden-
"Electronic address dani@if.ufrj.br tical potential wells at a certain distance. For large distances
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the states in one well are degenerated with regard to the5 keV is the proton velocity comparable to the electron
states in the other potential well. As they approach this develocity v.= ac. Thus, the evolution of the system is almost
generacy is removed due to the influence of barrier tunneladiabatic aE,=<10 keV. The higher states require too much
ing. Thus, the lowest-energy state of hydroges),dplits into  excitation energy and belong to different degeneracy multip-
the 1so and the Do states as the protons approach eacHets. The initial electronic wave function is a superposition of
other. The ko state is space symmetrical, while thp®  1so and Do two-center states. One thus expects that only
state is antisymmetric. As the proton separation distance dehese states are relevant for the calculation. In fact, at these
creases their respective energies decreas&®-AL A the  energies the population of thep2atomic state in charge ex-
energy of the Po state starts to increase again, while thechange is much less than the population of tleeatomic
energy of the %o state continues to decrease. For protonstate. These assumptions are well supported by the calcula-
distances much smaller than 1 A thsd and the Do tions of Grande and Schwiefz0], who have used a dynami-
energies correspond to those of the first and second states @dl approach based on target-centered wave functions. In
the He atom, respective[yL1]. their approach one has to include a great amount of target-
Let us now consider the dynamical case. The full time-centered states in order to represent well the strong distortion
dependent wave function for the system can be expanded of the wave function as the projectile closes in the target. We
terms of two-center stateg,(t) governed by the Schio also have assumed that the proton follows a classical trajec-

dinger equation tory determined by an impact parameker
Equation(5) does not look like the usual form of coupled-
[Ho+Vp(t)]dn(t) =En(t) ¢n(t), channels equations in the theory of the time-dependent
_ . Schralinger equation. But we can put it in such form by
with Hy=pa/2me+Vy, (1) rewriting the equation as
whereV (t) = —e?/|r+R/2| is the electron-projectile proton dfas V,+Ep iw a,
interaction potential an¥;=—e?/|r—R/2| is the electron- 'ﬁ& a |-\ iw V_+Ela |’ (6)

target proton interaction for a proton-proton separation dis-

tanceR(t). Note that in our formulation the two-center wave where the indices- and — refer to the ko and 200 states,

functions depend on time, as well as their enerdigt).  respectivelyEy,=—13.6 eV,V. (t)=E. (t)—E,, and
The full electronic wave function is obtained by a sum over B B

all orthonormal two-center states: W(t) = (V. [dV,/dt|P_)
7 EL(D-E_(1)
W(t))= an(t 1)),
W ()= an(V)]bn(D)) _ (Waa (D]V, /a1 ¥ 25,(1) -
ElS(r(t) - E2p(r(t)

H 3 —

with J d°r én(1) ém(t) = dnm- @ 1n this form, the potential®/. (t) andW(t) act like poten-

_ _ o _ tials in the usual coupled-channels equations. We use the
Inserting this expansion into E¢l) we obtain formalism of Teller[11] to calculate the wave functions

T _ (R) at different interproton distancé&¥t) corresponding
n>. 3) to a particular timet. The static Schrdinger equation is

solved in elliptical coordinates. This yields two coupled dif-

ferential equations which can be solved by expanding the

d , d
|ﬁaam(t)—Em(t)am(t)—|ﬁ; a,(t) m&

Using Eq.(1) one can easily show that, fon#n, solutions in a Taylor series. A set of recurrence relations is
d (m|dV, /dt|n) obtained for the expansion coefficients when the boundary

<m’ — > S (m#n). (4) conditions are used. The energkeg,(R) andE,,,(R) are
dt En(t) —Em(t) obtained by adjusting the constant which separates the two

coupled equationfl1] to its correct matching value.
Whent— =, V.—0 andW—0. The initial state, an

show that<m|d/dt|m>=0,. if |m) is real. This indeed will be electron localized in the target, can be written in terms of the
our case. Our bas|a(t)) is formed by two-center states at a degenerate symmetri , =W and antisymmetric¥
given timet, i.e., a given proton separation distarRé). —p states: " tso N
These wave functions are real. Thus, the final coupled- =~ 2P7’ ’
channels equation for the two-center problem is given by

Moreover, using the second relation of Eg), one can

1
(mldV, /dt|n) D \/5(\1’++\P,), at t— —oo, (8)
En(t)_ Em(t) . ; ;

(5) where bothCD_T and \_Ifi are normal_|zeql wave functions. _If

the electron is localized in the projectile, the wave function
At very low proton energiesH,<1 keV) it is fair to <Dp=(\If+—‘I’_)/\/§, whent— —o, is used. We will con-
assume that only the low-lying states are involved in thesider only the condition of Eq8), namely, an electron lo-
electronic dynamics. Only at proton energies of the order otalized at the target at— —. These relations are well-

ih diamm: En(tan(t)—ifi 2, aq(t)
t m#n
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FIG. 1. Time dependence of the interaction potendalgt) and 0.0 \ V., | . 1
W(t) for E;=10 keV and a nearly central collisidn=0.1 A. 0 1 2 3 4 5
known quantum mechanical results; the asymptotic two- b [A]

center wave functions can be written as combinations of
target- and projectile-centereds Iwave functions: ¥ . parameter for two projectile energies. The solid line is the full so-

:((Dpt_q)T)/_\/z' . . .. lution of Eq. (6). The dashed line is the approximation obtained
Starting with a target localized electron we assign the iniyyhen we sew=0 in Eq. (6).

tial conditionsa. =1/\2 att— — and solve Eq(6) nu-

merically. Although at— + the probabilitieda..|* remain  especially for low projectile energies. One might naively as-
very close to 1/2, the amplitudes. acquire phases which syme that because the collision is almost adiabatic, the sys-
change the relative population of the projectile and the targefem loses memory of to which nucleus the electron is bound
1s state. We correct for energy conservation which feeds thgfter the collision. Thus, for small impact parameters one
increasing binding energy of the electron back to an increasyould expect a 50% probability of finding the electron in
ing relative motion energy of the two protons as they comepne of the nuclei at=cc. However, this is not what happens.

closer. This is specially important &, becomes of the or-  From Eq.(9) we see that minima of the probability occur for
der of hundreds of eV and smaller. In Flg 1 we show the”'npact parameters Satisfying the relation

time dependence of .. (t) andW(t) for E;=10 keV and a

nearly central collisionb=0.1 A . One observes that the (=

potentialsV_. (t) extend much farther out thaw(t). More- _w[E—(t)_E+(t)]dt:277ﬁ(“+1/2)' n=0,12...N.
over, we find that a&, decreases the potentil decreases (10)
faster than the projectile’s velocity, . This is mainly due to

the derivative ofV,, in Eq. (7). At E;=100 eV the potential Thjs relation looks familiar, of course. It simply states that
W loses its relevance as compared\Mo, which have no  the interference between thed and the Do states induces
dependence om,. This becomes clear in Fig. 2. In this gscillations in the exchange probability. The electron tunnels
figure we show the exchange probability as a function of theyack and forth between the projectile and the target during
impact parameter for two projectile energies. The solid linethe ingoing and the outgoing parts of the trajectory. When
is the full solution of Eq(6). The dashed line is the approxi- the interaction time is an exact multiple of the oscillation
mation obtained when we s&=0 in Eq. (6). In the latter  time, a minimum in the exchange probability occurs. The
case, the equations decouple and it is straightforward t@yerage probability over the smaller impact parameters is
show that the exchange probability is given by indeed 0.5. As the impact parameter decreases from infinity,
the first maximum in the exchange probability indicates the
beginning of the region of strong exchange probability. One
sees that at low proton energies this startba3 A . The
size of the hydrogen atom is about 0.5 A and thus the elec-
tron travels in a forbidden regiditunnels of abou 2 A from
the target to the projectile. This is possible because of the
strong interference between thesdl and the o states,
At E,=10 keV there is an appreciable difference betweerwhich for some trajectories satisfy the quantum relafit®).
the full calculation and the approximatid®). But for E To obtain the stopping power we need the total cross sec-
=100 eV the results are practically equal, except for verytion for charge exchange;= 2w [P, bdb. This is shown
small impact parameters at which the potentfiastill has an  in Fig. 3. The solid line is the full coupled-channels calcula-
effect. tion, while the dashed line uses approximati@ for the
One observes that the exchange probability is not constamtxchange probability. We observe that the approximai@n
at small impact parameters, but oscillates wildly around 0.5reproduces well the full calculation even at the highest ener-

FIG. 2. The exchange probability as a function of the impact

Pexcri=| 2 @(2)( @] W--())|”

_l 1 1(~
_§+ Eco%gjw[E—(t)_E+(t)]dt : 9
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1 I ' ' ] the energy loss per unit length of the target material, is re-
r 1 lated to the stopping cross section 8y Sp/N, whereN is
1 the atomic density of the material. In our charge-exchange

kS 10k : 4 mechanism the electron is transferred to the ground state of
S ‘-‘?f% 3 the projectile and the energy transfer is given Ay
= 0 Exact o ] =me2/2, wherev , is the projectile velocity. Assuming that
o [ e Approximation . p P . ; .
"+ Data there are few free electrons in the matefml., in a hydro-
r ; gen gay only one more stopping mechanism at very low
L . . ! Lo\ energies should be considered: the nuclear stopping power.
3002 10 1 2 This is simply the elastic scattering of the projectile off the
l0g4(E, [keV]) target nuclei. The projectile energy is partially transferred to

the recoil energy of the target atom. The stopping cross sec-

FIG. 3. The solid line is the full coupled-channels calculationtion for this mechanism has been extensively studied by
for the charge-exchange cross section, while the dashed line usésndhard and collaboratorge.g., Ref.[14]). The nuclear
approximation(9) for the exchange probability. The experimental stopping includes the effect of the electron screening of the
data are from McClur¢13]. nuclear charges.

The dotted line in Fig. 4 gives the energy transfer by
means of nuclear stopping, while the solid line are our results
for the charge-exchange stopping mechanism. The data

oints are from the tabulation of Andersen and Zieg&r

e see that the nuclear stopping dominates at the lowest
gnergies, while the charge-exchange stopping is larger for

in the tens of keV range and higher, as the projectile velocit)P.rf?ton enel;gltes greatelr thalm 20% e\t/. S_mt;}e (\j/ve neg:ect tthe
becomes comparable to or higher than the electron velocit)}j' erence between molecular and atomic hydrogen targets,

This implies that two-center states with higher energy an&here is & limitation to compare our results with the_ experi-.
even continuum state#nization) should be included in the ”_‘e”ta' data. .BUt Fh(_a order of m"?‘gn't“de agreement is good in
calculation. ForE,—0, the charge exchange cross sectionView of our simplifying assumptions. We do not consider the
becomes the conpstan'é valodE, = 0)=37.88< 10 16 cni change of the charge state of the protons as they penetrate
) P ' . the target material. The exchange mechanism transforms the
This happens because, whéf—0 and as the projectile protons into H atoms. These again interact with the target

nears the target, the increasing electron binding in the two toms. Thev can lose their electron again by transfer to the
center system acts as a push in the relative motion energy : y 9 y
state of the targdtl0].

compensate for energy conservation. The average result | The best fit to our calculation for the stopping power for
that the cross section for charge exchange becomes approxi- ppIng p

mately constant for projectile energies of tens of eV and)mtl%g energies in the range 100 ev tq 1 keV yiells
below. ~vy™". This contrasts with the extrapolati®r~v,, based

In Fig. 4 we show the stopping cross section of the pro-o" the Andersen-Ziegler table. But this discrepancy is much
ton. The stopping cross section is defined & Ies§ than the one obtained by quser and Senm@ador
=3,AE; o, whereAE; is the energy loss of the projectile hehgm targets, who found a stopping power for prot&hs

34 :
in a process denoted by The stopping poweBs=dE/dx, ~ ~Up" [Of protons in the energy range of 4 keV. No data at
lower energies are available in this case. But the Golser and

Semrad data, for proton energies above 3 keV, firmly indi-
cate that a high power dependence on the projectile velocity

gies. The reason is that the potentiéllis always smaller
than V. for large impact parameters which have more
weight on the integral cross section. We also compare o
calculations with the lowest energy data of McClyfes].
The formalism developed here is inappropriate for energie

100 & Charge Exch . . - . .
E Nudloar Stopping will be also valid at lower energies, in contrast to the predic-
r Data tions from the Andersen-Ziegler tablg€8]. One cannot ex-

10 tend our calculations to helium targets as the initial wave

EUURTETE . function cannot be described in terms of a simple sum of
g two-center states. A much larger two-center basis is neces-
sary. Since the electrons in the helium target are more bound
than in the proton, the charge-exchange probability must be
much smaller than in the case of hydrogen targets. One thus
should indeed expect a much stronger dependence of the

302 10 1 2 stopping on the projectile velocity. At very low energies, of
log,,(E, [keV]) the order of some hundreds of eV, the stopping Cross section
108 should be entirely dominated by nuclear stopping, even more
FIG. 4. The stopping cross section of protons on H targets. Théhan for hydrogen targets.
dotted line gives the energy transfer by means of nuclear stopping, The p+p—d+e” + v, reaction is a very important one
while the solid line is our result for the charge-exchange stoppingdccurring in, e.g., our Sun. But it proceeds via the weak
mechanism. The data points are from the tabulation of Anderseinteraction and its cross section is too small for studies under
and Ziegler8]. the laboratory conditionkl,2]. Fortunately, a good theoreti-
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cal model exists for this reactidri6]. Other reactions could gies amplifies all effects leading to a slight modification of
be strongly influenced by the stopping power of protons andhe projectile energj18]. Our results show that the stopping

deuterons due to the charge-exchange mechanism. They carechanism does not follow a universal pattern for all sys-
be relevant for the study af+ D reactions in stellar interiors tems. This calls for improved theoretical studies of charge-

and fusion reactors. Another application is thepDf)°He  exchange effects and for their independent experimental
reaction which is important for the hydrogen burning in yerification.

stars. In our Sun the most effective energy of this reaction is ) )

E.m=6.5-3.3 keV atT=15x1C° K. At this energy one We would like to express our gratitude to Prof. A.B. Bal-
expects that the charge-exchange stopping cross sectigmtekin, Prof. S.R. Souza, and Prof. L.F. Canto for useful
should be as important as the ionization cross section. Excomments and suggestions during the development of this
perimental data exist at the lowest energy value of 16 kewvork. This work was partially supported by the Brazilian
[15,17). Although the extrapolation based on theory appeargigencies CNPq, FAPERJ, FUJB, and by the MCT/ FINEP/
to be under control in this case, it is worthwhile to considerCNPqPRONEX) (Contract No. 41.96.0886.00C.A.B. ac-

a better study of the stopping power for this reaction. Theknowledges the support of the John Simon Guggenheim Me-
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