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Electronic stopping power of electron gases for slow antiparticles
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The stopping power of slow antiparticles penetrating electron gases are evaluated within a scattering theory
approach to the energy-loss problem. The required effective scattering potential is obtained from a self-
consistent density-functional calculation. A relationship of the stopping pGN¢Z|b (b is in the range of
0.7-0.9 at low velocities is found, in contrast to tf# dependence predicted by the linear-response theory.
The diffuse distribution of partial wave contributions of screening electrons in the case of antiparticles is quite
different from that for normal particles and is thought to be the main reason for the monotonic increment of the
stopping power as a function ¢Z|. [S0163-182697)00210-3
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Recently, the advent of experiments about antiprdténs
passing through condensed matter gives additional regionghere e(k,w) is the longitudinal dielectric function for the
for theoretical studies. On one hand, the dependence of tf&opping medium. Hartree atomic units, in whiek7=m
interaction between particles and solids on the sign of the=1, were used throughout this paper. At low velocities
projectile charge, such as Barkas effecan be studied di- (v<vg, Wherevg is the Fermi velocity of the mediuman
rectly. On the other hand, the stopping characteristics of argXPression was obtained by Ritcfifeusing the random-
tiparticles themselves need to be investigated. AntiparticleBnase approximation for the dielectric function valid for

are difficult to find in the common environment, and up toSMall @ and k<kg (where ke is the Fermi momentum
which is equivalent to assuming that the potential around an

now, people have known little on the structures of antipar-" " il d by densitv fi ; in th
ticles. It seems not quite meaningful to evaluate the stoppin n is exponentially screened by ensity fluctuations in the
lectron gas. The result is

power for an antiparticle, except for an antiproton which can
be considered as a point charge. This may be one reason that dw 2
we have not, so far, found an article dealing with the stop- —222(—)
ping problem for antiparticles heavier than the antiproton dR 3m
passing through condensed matter at low velocities. Howwhere a=(4/9m)*2, r = (3/47n)*? is the “one-electron ra-
ever, if we consider a negative nuclear charge embedded iius” (the radius of a sphere containing, on average, one
an electron gas, the stopping problem can still be treated asgectron), and n is the electron density. A parametrized
process of electron-hole pair excitation and the collectiveThomas-Fermi-von WeiZs#er dielectric function, in which
response of electrons to the embedded charge. the parametei is set by the nuclear-cusp condition, was
In the field of energy loss of normal particlesith posi-  recently used to calculated the stopping quantities of an an-
tive nuclear chargesat low velocities, the fact that stopping tiproton passing in an electron gas at slow velocifighe
powers oscillate with the atomic number of the incident ionadvantage of this approach is that analytic expressions for
is well known? However, as to the antiparticles, only the the effective potential and induced hole density can be ob-
stopping gquantities of antiproton have been studiedained.
carefully>~" the problem of the stopping power as a function  Another method for the energy loss of ions impacting
of negative nuclear charge in the low velocities’ region still solids at low velocities is based on the scattering theory. For
remains open. The interaction of antiparticles with electrora massive projectile at low velocities the energy loss per unit
gases may give us a new view of physical phenomena angath length can be written Hs
deserves study. In the present paper, this problem will be
taken into account and a comparison with the case of normal dw
particles will be given. iR
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wheregy, is the usual transport cross section. In terms of the
scattering cross sectian, oy, is given by

There are many methods to calculate the stopping power
for slow ions penetrating condensed matter. One approach Utr:f do(1-cos) (4
commonly used is based on linear-response theory as applied
to the model of a uniform electron gasn which the stop- i >
ping power of a medium for a charged particle, with charge _am |+ 1)sirél 8 (Ec)— & . «(E 5
e Givon by e 2 (T DSIPLa(E) —oa(Bp)l, (8

Il. THEORY AND METHOD
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TABLE |. Phase shifts of antiparticles, related Friedel sum, and cusp conditjer?.0).

Charge P 8 5 5 5y FSR NCC

-0.5 -0.3989  -0.0912  -0.0152 —0.0041  -0.0010  —0.5006  1.0013
-1.0 —-0.7073  —0.1941  —0.0422  —0.0081  —0.0018  —1.0015  1.9946
-2.0 -1.1814  —0.4070  —0.1097  —0.0230  —0.0048  —2.0086  3.9977
~3.0 —-15190 -0.6084  —0.1922  —0.0455 —0.0088  —2.9940  6.0005
~4.0 -1.8295 -0.7935 —0.2825  —0.0749  —0.0148  —3.9980  8.0064
~5.0 -2.0984  -0.9638 —0.3762 —0.1102  —0.0233  —4.9987  9.9645

where 6 is the scattering angle in the projectile’s frame, andculation from the case of antiproton to higher charge antipar-
8,(Eg) is the phase shift of thigh partial wave for scattering ticles aiming at finding some overall laws governing the dy-
of electrons at the Fermi surface from the screened potentiadamical screening of electron gases to antiparticles.

of the projectile. The stopping power is rewrittert%as

dw 3p = IIl. RESULTS AND DISCUSSION

dR ket ;0 (I+D)siP[5(Ep) = 6i+a(Bp)]- - (B The validity of our calculation is tested by two conditions.

. _ The first one is the Friedel sum ru[ESR), which relates the
The problem of the low-velocity stopping is then reduced toscattering phase shifts to the total impurity chafgby the
the determination of the effective scattering potential. In thgg . uia

present paper we have used the density-functional formula-

tion of Hohenberg and Kohft, and Kohn and Shatfi to

calculate the self-consistent potential due to a static charge _ E -
submerged in an electron gas. In the density-functional z= T .:20 (21+1)51(Ee). ©
theory (DFT) the one-electron Schdinger equation can be
written as The second is the nuclear-cusp conditidCC) nonpertur-
v2 bative constraint, which for the total electron density) at
_ 7+V(r)+vxc“) V.(r)=E%,, (7)  the position of an impurity with chargé reads’
and the electron density is n'(r)
=—2Zp, (10)
nr il _,
n(r)=2 [Wi(n)]* ®

whereu denotes the reduced mass of the electron-impacting
The potentiaV is that seen by an electron as a result of thenucleus (two-body system andn’(r) is the derivative of
screening of the ion by the electron gas. It is found that a fasn(r) with respect ta. Considering the mass of a nucleus is
negatively charged trailing ion can bind electrons in itsmuch heavier than an electron,approximately equals 1.
wake-riding state$> Wake effects are not significant at low  In Table | the calculated phase shifts for scattering of
velocities and the potential caused by an antiparticle wittelectrons at the Fermi surface for antiparticles fildm—0.5
negative charges is repulsive to electrons, no bound statés —5.0 (r,=2.0), the Friedel sum and the nuclear-cusp con-
exist and the screening charge is only composed of the scadition are listed. From this table it is evident that our results
tering states of the electron gas. The exchange and correlaenform to these two conditions very well. Besides, the
tion potentialy*® is a local potential depending on the total phase shifts oZ=—1.0 are in good agreement with those of
densityp(r). We have only dealt with spin-compensated sys-Nagy et al® It ensures that the induced electron density, the
tems in our calculations, although the results could be easilgffective potential, and the stopping power of antiparticles
extended in a straightforward manner to magnetic systemsan be confidently given.
The local-density approximation for exchange and correla- Figure 1 shows a comparison of our result of the reduced
tion has been used with the parametric formulation given bystopping powerQ=(dW/dR)(vZ?)~! with that of Nagy
Gunnarsson and Lundqvitt. Equations (7) and (8) are etal,” a parametric calculation. The solid line corresponds
solved self-consistently to get the phase shifts for the conto our results, and the dashed and dotted lines are from Ref.
duction band as a function of the energy, and then obtain thé with parametern=4.304 and\=1.0, respectively. The
charge density. This kind of method has also been applied bglensity parameter is;=2.0. From this figure one finds that,
Nagy! who obtained the effective screened potential not byat least in the range dZ|<1.0, the present self-consistent
a self-consistent calculation, but by taking a one-parametricesult has a same trend of t}# dependence of the stopping
trial form of strictly finite range, and found that the effective power as that obtained by the parametric calculation.
potential around an antiproton is more extended than that of In Fig. 2 the stopping powers of different electron gases
a proton at metallic densities. Nagy al® have also calcu- with density parameter from 1.5 to 4.0 for antiparticles
lated the antiproton stopping power with DFT and found thatwith Z=—1 to —10 are given. It can be clearly seen that the
the screening charge density of antiprotons is more diffusstopping power of different electron gases as a function of
than that of protons. In the present paper we extend the cathe charge of antiparticles is nearly linear. The relationship
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FIG. 1. Reduced stopping pow&=(dW/dR)(vZ?) " of an FIG. 3. Th(_e eI(_ectronic stopping power of an eleqtron gas
electron gasr=2.0) as a function of the chard&|. The solid line ~ (rs=2.0) for antiparticles|Z|<0.01. The solid and dotted lines are
are the results from DFT, and the dashed and dotted lines are tho#e results from DFT and linear-response theory, respectively.

from Ref. 7, with parameters=4.304 anch=1.0, respectively. cannot be considered as a small perturbation to the electron-
density distribution in the medium. The existence of an an-
between —(dW/dR)/v and —Z can be approximated as tiparticle greatly changes the electron-density distribution of
—(dW/dR)/vec(—Z). After fitting our results we obtain the medium. Due to the repulsive potential generated by the
that the parametds is about 0.7-0.9 whery is in the range  antiparticle a screening hole is created, which is opposite to
of 1.5-4.0, which is greatly different from thg®> depen- the case of a normal particle, where a pile up of electrons is
dence predicted by Eq?2), the result of the linear-response formed. It is helpful to make a comparison of the stopping
theory. The linear-response theory assumes that the induc@@wer of an electron gas for antiparticles with that for nor-
electric field is linear to the external charge. This linearity ismal particles. In Fig. 4 the stopping powers of an electron
reasonable only in the limit in which the external sourcegas withr =2.0 for antiparticles and normal particles as a
gives rise to a small perturbation of the initial charge distri-function of |Z| are plotted. The solid line refers to the anti-
bution in the material. In order to find to what extent the Particles and the dotted line is for normal particles whose
linear-response theory could give a reasonably quantitativélata are from Ref. &also based on a self-consistent DFT

description of slow antiparticles, we have done calculation§@lculation. It can be seen that the stopping power of elec-
tron gases for antiparticles and normal particles have remark-

for |Z|<10 2 andr,=2.0. The results are shown in Fig. 3. , . > e
The solid line is the results based on the density—functiona?lbly different |Z|. dependence behaviors. This difference
theory and the dotted line is from E€@). From this figure Stems from the different distribution of phase shits. In order
: . to investigate the distribution of phase shifts, we decompose

we can see that the results from these two different theorieg, | screening chargéhole) to a differentl component ac-
are in reasonably good agreement with each other. Only i@ording to the definition
this range|Z|<10"%, we may say that the projectile can be
represented as a small perturbation, and the linear-response
theory will be valid when projectiles of low velocities are
considered.

From the results given above it is evident that even arfi"d define the percentage of contribution of tkte partial

antiproton, when passing solid material at low velocities,VaV€ @S

2
2= (21+1)6(Eg), (12)
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FIG. 4. The electronic stopping power of an electron gas
FIG. 2. The electronic stopping power of electron gases with(r¢=2.0) for antiparticles and normal particles froj#| =1 to 10.

density parametars=1.5 to 4.0 for antiparticles with-Z=1to 10 ~ The solid and dotted lines are the results for antipartigleesent

at low velocities. work) and normal particlegRef. 8), respectively.
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80 , . 1 evident that in the case of normal particles, ®gis quite
larger than other partial waves’ contributions fro#{ =6—
10, and in the case of antiparticles, there is no a significantly
dominant partial wave’s contribution in the total range from
Z=-11to —10. FromZ=-2 on, the contribution from par-
tial wave =0 is smaller than that fromi=1, and from
Z=-5 on, the contribution from partial wavek=1 is
smaller than that fronh>1. The concentration of screening
electrons on partial wavie=1 is the main reason of the stop-
7 ping power oscillation for normal particles, and the more
diffuse distribution of the screening contribution on partial
waves causes the monotonic increment of the stopping
power for antiparticles. This conclusion is based on the fol-
. lowing. Since the contribution of partial wave-1 to screen-
ing is dominant for the normal particles whé&nis greater
L.o-o.. than 6,8, will increase withZ and become larger thamw'2.
-o°t According to Eq.(6), it is easy to understand that the con-
0 | ! ! 1 ! centrated contribution froth=1 partial wave can cause an
0 2 4 6 8 10 12 oscillation ofdW/dR asZ is changed. However, the contri-
12| bution from all the partial waves are more diffusely distrib-
uted among different partial waves for antiparticles. The
Iphase shifty is usually less thanr/2, when the largest part
of screening electrons are contributed by this partial wave
As a result, the stopping power for antiparticles will change
monotonously with Z|. Additionally, this diffusive distribu-
tion of partial wave contributions of screening electrons
gives rise to the more diffuse screening potentials and elec-
X 100% . (12 tron densities for the case of antiparticles embedded in elec-
tron gases than those for normal particles, which explains the
findings of Refs. 4 and 5.
In summary, we have analyzed the stopping power of

20

FIG. 5. The percentage of screening contribution of partia
wavesP, as a function of Z| from |Z|=1 to 10. Solid linesPy,
dashed lines:P;, dotted lines:P,~,. Full circles: antiparticles,
empty circles: normal particles.
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In Fig. 5Py, P4, P~ for antiparticles and normal particles

with |Z| from 1 to 10 are plotted with,=2.0. The solid lines o - .
electron gases for antiparticles at low velocities within the

refer to Py, the dashed lines t@, and the dotted lines to density-f onal th 4 found th v I |
P,-,. The symbols of full circles represent the antiparticles®€nSIty-functional theory and found the nearly linear rela-

and empty circles represent the normal particles. Althoug 'znslh'p between thehstopp_mg ﬁ’.gwer: andlthe ;harf@s
the P, is obtained from the phase shift at the Fermi surface, f T mearl-re_s'pons_I(_eht edqfrfy 'S Vg.' Vt\)’ @K fm the rlange

it actually reflects the total profiles of the phase shifts within®' 'OW Ve ocities. The diftuse Istr gtlon of partia wave
the whole energy range at a certain partial waye.g., P, contributions of screening electrons in the case of antipar-

reflects the properties of the total screening electrons of pauthIeS IS quite d|fferen_t from that of normal paru_cle; and Is
tial wavel. It can be seen from Fig. 5 that in the case ofthought to b_e the main reason f(_)r the monotonic increment
|Z| =1, the screen contribution from the partial wave0 is  ©f the stopping power as a function .

dominant and theP, of antiparticles from|Z|=1 to 10 is
lower nearly one half than that of normal particles. This ex-
plains the reason why the stopping power of electron gases This work was supported by the National Natural Science
for an antiproton is lower than that for a proton. It is also Foundation of China.
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