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A diagrammatic analysis of many-body interactions between a moving ion and an electron gas is made. The Zf correction to the
stopping power of the medium for the penetrating ion is derived using Feynman diagrams, and the contributing terms leading to
significant Z; corrections to the stopping power at low velocities of the ion are evaluated, as a function of the velocity of the ion, in

the random-phase-approximation.

Since the original papers of Bohr [1] and Bethe [2],
the energy loss of a charged particle in matter has been
the subject of continuing interest. Classic first-order
perturbation theories lead to a stopping power propor-
tional to the square of the projectile charge Z,. How-
ever, from measurements on positive and negative pi-
ons [3] it was known that the stopping power exhibits a
dependence on the sign of the charge; recently, mea-
sured cnergy losses of protons and antiprotons in sili-
con and gold have been reported [4-6] and the Z;
correction to the stopping power has been extracted,
assuming that the Born series exist for these collisions
and that other terms proportional to odd powers of Z,
are ncgligible-in the velocity regimes under study.

The so-called Barkas correction to the stopping
power was first calculated by Ashley, Ritchie and
Brandt {7] for distant collisions only, using a classical
perturbation calculation for a harmonic oscillator: they
included the polarization of target atoms by the projec-
tile and.found a correction term that, in lowest order,
is proportional to Zf, and was later proven by Hill and
Mertzbacher [8] to approach the result of the second
Born approximation at large impact parameters. Later
on, Jackson and McCarthy [9] performed a similar
classical but relativistic calculation, and set the mini-
mum impact parameter cqual to the radius of the
quantum mechanical harmonic oscillator, to find a
standard high-velocity limit of the Barkas term.

Subsequently, the contribution to the Z; term from
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close collisions, which had been argued to be negligi-
ble, was estimated by Lindhard [10], studying stopping
by a free electron gas at rest. 10 be comparable 10 the
distant-collisions contribution as calculated by Jackson
and McCarthy. Since then. more rigorous quantum-
mechanical calculations of the Barkas effect have ap-
peared [11-14], using both the harmonic oscillator [11]
and electron gas model of the target [12-14]. but a
quantitative evaluation of the Barkas correction to the
stopping power of an electron gas where a low- or
high-velocity assumption does not enter explicitely re-
mained to be done.

In this paper we investigate the Z; correction to the
stopping power of an electron gas for ions. including
the zero-point motion of the Fermi gas. In particular,
an alternative derivation of the Z} term is presented,
following procedures of muni-body perturbation the-
ory, and a quantitative evaluziion of the contributing
terms leading to significant 77 corrections to the stop-
ping power at low velocitics of the ion is carried out, as
a function of the velocity of the ion, in the random-
phase approximation (RPA). thereby analysing the
range of validity of the previously studied low-velocity
limit.

We consider an electron g of density n through
which an ion of charge Z. :nd velocity r passes.
Treating the heavy particle z: 1 prescribed source of
energy and momentum, the matrix element of the
S-matrix for the electron gas-hzavy ion system corre-
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sponding to the process of carrying the system from an
initial state a;|0) to a final state a, |0} can be
represented in momentum space up to second order in
the ion charge as (we use atomic units throughout, i.e.,
e=m=h=1)
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where ¢=(p —s, wp —w,), w,=p?/2 being the en-
ergy of an electron with momentum p, and it is under-
stood that {p, s} lics in the (unoccupied, occupied)
part of momentum space. {2 is the normalization vol-

ume, 17, represented by wavy lines, gives account of

the effective interaction [15], i.e.,
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and G). represented by solid lines, is the zero-order
L
propagator for an electron gas,
L=ny, "
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where k= (k, k") is the four-vector representing the
momentum-energy of the electron, and #n, is the occu-
pation number,

ne=00ke—kl), (4)

kg being the Fermi momentum, and #(x) the Heavi-
side function.

The first diagram in eq. (1), which is represented by
a wavy line leading from an external point to a
fermion-scattering vertex, describes a process in which
an electron is scattered once from the linearly screened
ion potential, while the second and third diagrams
describe processes in which an electron is scattered
once from the quadratically screened ion potential and
twice from the linearly screened ion potential. respec-

tively, €, is the linear response function of the medium,
that is,

e,=1-—A,, (5)

where A, is a sum over all proper polarization subdia-
grams:
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and M, , is the quadratic response function of the
medium, represented by the triple vertex diagram:
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Therefore, the transition rate, y, tor a process lead-
ing to any possible momentum transfer to the electron
gas, is given, in the limit as the interaction time T — =,
up to third order in the ion charge by
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with ¢ = ¢q, - v. The stopping power of the medium for
the penetrating ion, i.c., the average energy loss of the
ion per path length, is then obtained after multiplying
each contribution to the transition rate by the energy
transferred in the corresponding process, ¢". and divid-
ing by the velocity of the ion.

In the lowest order approximation to A and M, a
(random-phase-approximation), they are descnhed bv
the empty bubble and the empty triangle diagram,

respectively. The empty bubble was first evaluated by
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Hubbard [16] and it coincides for positive values of the
energy component of g with Lindhard’s function [17].
On the other hand, the real part of the empty triangle
diagram has recently been evaluated analytically by
Cenni and Saracco [18] for arbitrary momentum and
energy, and the imaginary part by Hu and Zaremba
[14]; however, it is an alterpative derivation of the
imaginary part of the triple vertex function, which we
give as [19]

Im M, , = - [H, +th.‘,+H(q_,h,'_(h], (12)

fRU

that enables us to express the Z7 correction to the
stopping power in terms of both the real and the
imaginary part of the triple vertex function.

In particular, if one considers only contributions
that are not negligible at low velocities of the ion, the
Z} correction to the stopping power can be written in
the following way:
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with " =g -» and ¢q? =g, - »; then, in the low-velocity
limit, i.e., when the low-frequency limit of e, and M
are substituted into eq. (13), onc finds an expression
for the Z} correction to the stopping power that is
linear in the velocity of the ion and is exactly equiva-
lent to eq. (2.18) of Hu and Zaremba. The remaining
contributions to the stopping power not included in eq.
(13) are, in the low-velocity limit, of higher order in the
velocity of the ion, and become of importance only for
velocities higher than approximately half the Fermi
velocity of the medium [19].

We have also calculated the Z7 contribution to the
stopping power of an electron gas, after substitution of
the full RPA ¢, and M, functions into eq. (13), and
we have obtained the result plotted in fig. 1 by a solid
line, as a function of the velocity of the projectile, for
the electron density parameter r, = 2.07 (n='=
(4w /3)r]) corresponding to an electron gas of a den-
sity equal to that of aluminum; the contributions com-
ing from the imaginary part of the linear response
function, which can be interpreted as arising from
excitations generated by the quadratically screencd ion
potential, and coming from # ,, which arises from
multiple scattering of the electrons by the linearly
screened ion potential, are plotted separately (dashed
and dashed-dotted line, respectively); the dotted line
represents the low-velocity limit already computed in

z \

S{o )

(48]

Fig. 1. Centributions to the stopping power that are propor-
tional to Z{ and Z7, in the RPA, as a function of the velacity
of the jon, for r, = 2.07 and Z, = 1. The solid lines correspond
to the total Z; contribution and the Z; contribution of eq.
(13), and the dotted lines represent the corresponding low-
velocity limits. Contributions to eq. (13) coming from the
imaginary part of ¢, and from H“,_,r1 are represented by
dashed and dashed-dotted lines, respectively.

refl. [14], thereby showing that the range of validily of
the linear velocity dependence of the Z,3 correction to
the stopping power persists up to velocities approach-
ing half the Fermi velocity of the electron gas. For
comparison, the total contribution to the stopping
power that is proportional to Zf obtained in the RPA
approximation is also plotted, together with the corre-
sponding low-velocity limit obtained when the low-
frequency limit of the linear response function is sub-
stituted.

In conclusion, the contributing terms leading to
significant Z; corrections to the stopping power at low
velocities of the ion have been derived following proce-
dures of many-body perturbation theory, they have
been evaluated numerically, as a function of the veloc-
ity of the ion, using the random-phase- approximation
to the linear and quadratic response functions, and it
has been found that the Z{ contribution to the stop-
ping power is almost linear in the velocity of the ion up
to velocities approaching half the Fermi velocity of the
electron gas. A more detailed presentation of the
derivation of the Z;i correction to the stopping power
and quantitative calculations of the full Z{ correction
in the RPA, as a function of the velocity of the ion, will
be published elsewhere [19].
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