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It is shown that a charged particle moving with velocity V in a medium of resonance frequen-
¢y © may set up two types of electron-density fluctuations. Collective fluctuations trail the par-
ticle, composing a conical pattern in a relatively extended periodic wake of wavelength
~2mv/ Q. They constitute a mode of energy transport from the particle track leading eventual-
ly to particle-hole excitations. Single-particle interactions give rise to bow waves ahead of the
particles of wavelength 27 #/mv. The gradient along V, at the site of the ion, of the wake poten-
tial set up by density fluctuations, multiplied by the ionic charge, yields an expression for the re-
tarding force of the medium on the projectile in exact agreement with the Bethe stopping-power
formula appropriate to the medium. The wake of a dicluster causes forces between the consti-
tuent ions which account quantitatively for measurements of the breakup behavior of swift
molecular ions in thin foils. The increase in the energy straggling of a test charge, when moving
in the wake of a leading ion, is shown to be small compared with the straggling induced by its

own wake under normal conditions.

The theory of wake phenomena in the electron-
density fluctuations excited by charged particles mov-
ing in an electron gas! has stimulated many experi-
ments, in particular on the stopping power of matter
for ion clusters? and on the space-time correlation
between cluster particles®* after emergence from
dense media.’ Collective density waves trailing an ion
with velocity v > vo=e2/#in a condensed medium of
resonance frequency (2, have wavglengths,

Aw =27/ Q, of the order of 10 A under typical ex-
perimental conditions. In addition, as shown in this
paper, close collisions cause electrons to recoil and
form a bow wave ahead of the ion. Clusters are
created by injecting swift molecular ions, such as H¥
or (HeH)™, into a solid target. They lose their bind-
ing valence electrons after penetrating a few atomic
layers and generate a wake given by a (generally non-
linear) superposition of wakes due to the individual
ions of the cluster. This gives rise to a new interac-
tion between particles in a cluster determined by the
dynamic response of the medium. The dynamically
modified Coulomb repulsion between its constituents
causes the cluster to explode. Transmission experi-
ments are usually performed on thin foils such that
the time of penetration is so short that particles in
the exploding clusters trace out only a very small
fraction of the wake dimension. Under such cir-
cumstances, the cluster-particle interaction probes, in
effect, the slope of the cluster wake potential near
the origin. For example, the elegant measurements
by Gemmel and co-workers® of the angle and energy
distributions of channeled protons emerging from

single crystals of Si bombarded with swift (HeH)*
ions only probe distances ~—0.05\,.. They present
convincing evidence that the force set up by the wake
potential of the leading ion can influence strongly the
motion of the trailing ion.

In light of the sensitivity of this important type of
experiment, we have derived in linear perturbation
theory expressions for the total field of density fluc-
tuations surrounding a moving ion, with special em-
phasis on the behavior near the origin. This enables
us to calculate the enhanced electron density at the
projectile nucleus and to compare it with exact results
from the theory of scattering of single electrons by
moving ions. This enhanced density is germane to
the discussion of the effects of dynamic screening on
atomic states® and on transient magnetic fields at
recoil nuclei in magnetized foils.” The mean gradient
along V of the wake potential at the origin, multiplied
with Ze, yields an expression for the retarding force
of the medium on the ion. We show it to be, at high
velocities, exactly equal to the Bethe® stopping-power
formula. The force on the particles in a cluster
derived from the wake potential agrees, in its essen-
tial aspects, with the result derived from a local
dielectric response function.'-2

1. COLLECTIVE ASPECTS OF THE WAKE
The response of the valence electrons in many
media is describable to a good approximation by the

diagonal part, e(k, w), of a (longitudinal) dielectric
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matrix which depends on the wave number k and fre-
quency o in a manner such that off-diagonal com-
ponents can be neglected. The scalar electric wake
potential, ®, of an ion moving in such media is given
in the linear approximation by %10

o Ze (*
(p.2) =2 7 opr)

xﬁz dwexp /kze(k, w) . (1)

The cylindrical coordinates p and Z refer to the
direction of motion and are defined as p = (x2 +y?)!”2
and 7 =z — vt relative to the position (x,y,z)
=(0, 0, vt) of the moving charge, Ze, with wave
number k = (k2 + w/v})/2. The wave vector K has
component k in the p direction. The ion velocity, V,
is treated as a constant. The projectile, referred to
here as the ion, may be any charged point particle
with mass much greater than that of the electron.
The induced electron-density fluctuation, 8n(p,Z), in
the medium is related to ® by Poisson’s equation and
is described by
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such that the charge-density fluctuation is given by
(—ebdn).

A convenient and instructive first approximation to

@ and &7 can be found with the aid of the local
dielectric function with a k cutoff,

2
Wp

E(k,m)=l*m

where () is set equal to the plasmon frequency
w, = (4me*n/m)"? in an electron gas of density #,
®(x) denotes the unit step function
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The function hq, Eq. (6), vanishes in the limit

wpR /v >> 1. Since ho(p,Z) = ho(p, —£), its mean 7
gradient around R =0 vanishes, i.e., (8/49/9Z) gy =0.
Thus the screening effect described by Ao makes no
contribution to the retarding force of the medium on
the ion. ) :
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O(x) = (%)(l +x/|x|), and the cutoff wave vector of
magnitude k. = w,/vr is given in terms of the Fermi
velocity vr = (372n)'* 5/m of the valence electrons in
the medium. Equation (3) describes the collective
dielectric response of the medium, but does not
describe dispersion or single-particle behavior. The
empirical constant vy describes damping. With Eq.
(3), the potential given by Eq. (1) becomes

27Zew, . |w,Z
£ sin|—2-
v

®(p,7) =Zeho(p,z) + K,

’
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X exp 0(-2) . 4)
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The first term gives the screened Coulomb potential
of the ion, and the second describes the oscillatory

potential due to the wake of electron-density fluctua-
tions trailing the ion.!"> The function

1 yJo(£y) d

5
o )

K0(§r 71) =
approaches the modified Bessel function of zero or-
der, Ko(8), for large & it is Ko(0,7) = (3) In(1 +7?)
when ¢£=0.

The function h¢(p,Z) in Eq. (4) can be written in
the form

5) =L _ @
ho(p’Z)—R v So v v

_“in_’li"zi] , )

The first term is the bare Coulomb gotential per unit
charge of the ion, where R = (p?+7°)"2. The second
term has a factor

o J —_
St = [ e sl

dt @

and accounts for steady-state screening of the ion
charge by the electrons of the medium. For simplici-
ty we have set v =0 in obtaining this expression for
So. A simple form of Eq. (4) is obtained in the limit
v << @,. One readily verifies that

>>1,

v

@R (8)
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As pointed out earlier,!! one obtains

Ze
R
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R—0

for the potential of the polarized medium at the site
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FIG. 1. Oscillatory portion of the scalar electric potential computed in the local dielectric approximation from Eq. (4). Plotted
is ®/Ze— hy vs 7 on the particle track, p=0. The plasma frequency, w,, and the damping rate, y, have been chosen to
represent, approximately, the response.of four different solids. The solids and the corresponding values of #w, and y/wp are:
Al (long-dash line) 15.4 eV, 0.616; Si (dot-dash line) 17 eV, 0.441; C (solid line ) 25 eV, 0.5; Ag (short-dash line) 3.78 eV,

0.02. The ion velocity was taken to be 4 a.u.

-of the ion. In this approximation, therefore, the
self-energy, E;, of a massive point charge is given by
E,=—(Ze)*(mw,/4v). When applied to high-velocity
electrons, where electron-recoil effects can be
neglected, this estimate agrees, as it should, with the
self-energy calculated for fast electrons in an electron
gas. 1213

It is instructive to compare the picture of the wake
as presented above with the model of a stationary
charge in an electron gas. For a negative stationary
charge one speaks of a correlation hole around it, and
for a positive charge one speaks of a density
enhancement at the charge. In either case the
response of the medium can be represented as a
screened Coulomb potential centered at the charge,
giving rise to a negative self-energy with a null ima-
ginary part. In comparison, a moving ion gives rise
to a cylindrically symmetric potential with a part cen-
tered at the charge, even in Z, plus an oscillatory part
stretching behind the particle. The first part gives
rise to a real part of the self-energy which is negative,
and which originates from the correlation domain of
dimension v/ Qg around the charge. Only the oscilla-
tory portion contributes to the imaginary part of the
self-energy that describes the slowing down of the
charge. ’

Figure 1 shows plots of the oscillatory part of
®/Ze — hy computed from Eq. (4) as a function of Z
along the trajectory, p =0, for various combinations
of w, and vy as indicated on the figure caption.

Equation (2) with Eq. (3) yields

2
on(p) =29 [M]

2mTVVEp vr
x sin | 222 exp ﬂ]@(—f) , (10)
v 2v

- where J; is the Bessel function of the first kind of or-

der one. In this cutoff approximation, there is nei-
ther dispersion of the plasmon waves, nor an
electron-density enhancement at R =0. It does not
describe knock-on collisions with single electrons, but
damping is included in a realistic manner.!

II. PLASMON DISPERSION

The polarization density retains a tractable analyti-
cal form if one goes beyond Eq. (3) and includes
plasmon dispersion according to the Bloch hydro-
dynamic approximation by inserting into Eq. (2) the
dielectric function

2
@p

B —wlw+iy) an

elk,w) =1+

The constant 8= (3/5)2vf is the propagation of den-

sity disturbances in an electron gas, vy being the Fer-
mi velocity of the electrons in the medium.

Denoting w =(1 — 8%/v?) "1/ neglecting vy as well as
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terms O (8%, Eq. (10) becomes

2 - .
dn(p,?) L f sin [;’—Zzl{]

2mvBp Japelv
wlp? 12
xJo|le* -5 dg  (12)
B
2
Zw} cos(w,A/pB) o) . (13)

= 2"3(1’2__62)1/2 A
where the variable A =()\25" — p?)"/2 with
A2=p%/(v*—BY. An equation equivalent to Eq. (13)
was derived by Neufeld and Ritchie,’ and again by
Fetter.!4

A singularity in the polarization density occurs at
A =0, corresponding to the radial distance from the
particle trajectory
p=N=:/(Y/B-DV=Bi/v (w>>pP . (14)
Equation (14) defines the envelope of the coliective
wake, of half-angle ~B/v. The singularity of dn at
the cone is, of course, an artifact of the model dielec-
tric function Eq. (11). When the integration in Eq.
(12) is limited to ¢ < pk, = pw,/vF, the wake cone is
marked by a maximum in 8n. In fact, if the full
dielectric function is employed, the maximum is re-
placed by a series of wavelike fluctuations as
described in Sec. III.

III. SINGLE-PARTICLE WAKE CONTRIBUTIONS

We retain the salient features of the quantum ex-
pression for e(k, ») in metals and semiconductors by

setting!!'1°
2
@p

kw=1+ .
ek, ) o} + B+ 1k /4m? —w(w +iy) (15)

As in Eq. (11), plasmon dispersion is included
through the term containing 8%. Single-particle ef-
fects now are accounted for by the term equal to the
square of the kinetic energy, k2k?/2m, of a free elec-
tron with momentum #k. The small constant y
represents damping processes. The energy fwg, may
be taken to account for an effective band gap in ma-
terials like semiconductors, to give a coliective reso-
nance frequency Q= (w} +p)!/2.16.17

Substitution of Eq. (15) into Eq. (1) yields the po-
tential in the form

®(p,7) = % +@,(p,7) , (16)

where the wake potential, ®,, can be expressed as a
sum of three terms,

O, =¢dot+d1+¢s . 17

The function ¢y is given by
bo=—2elh(p,z) —1/R] , (18)

where, with ko= Q¢/v,

2 oo 2] — ~
h(p,f)= @, f t 0(P~koi) exp( kolzltz)
vQo YO 1+ (/|Z]) (yt/ Qo) +1¢
(19)
Equation (19) reduces to ho(p,Z), Eq. (6), for y —0
and w, —0.

The term ¢ accounts for nonoscillatory dynamic
screening of the ion charge by electrons in the medi-
um. Since h —0 when Rko >> 1, the ion charge is
completely screened at distances large compared with
v/ Q. The second and third terms of Eq. (17) make
osciilatory contributions that stem primarily from col-
lective and single-particie responses of the medium,
respectively.

The functions ¢, and ¢, are expressed as integrals
with respect to the variable « after evaluating the
integral in Eq. (1) by the calculus of residues. The
integrand exhibits an interesting behavior as « in-
creases from the long-wavelength limit, k =0, to
large values where single-particle behavior dominates.
In Fig. 2 are sketched the loci of the poles of the in-
verse dielectric function appearing in the integrand
for a material characterized by Q,=0.7, 8=0.9, and
v=0.58, in Hartree atomic units. The poies labeled
wci and w,,i correspond to collective and singie-

w=-PLANE
L%ad ] ’é K-—+©
3
-
wg(K) w§iK)
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K=0 |K=0 Re (w)—
we (k) we(K)
K—>o© K-—+©

FIG. 2. Loci of poles of the inverse dielectric function
[e((x? + w?/v)/2, @)1~ in the complex plane for values of
the material constants of Eq. (15) given by
Qp=(w}+0)?=0.7au, =09 a.u, and y=0.58 a.u.
The poles at points labeled w ¥ (x) correspond to collective
resonances, those labeled w,i(x) to single-particle excita-
tions. The poles move, following the arrows, as the variable

. *
K increases from zero. As k— o0, o — " and

- —%
o, —wg . Also, v=4a.u.
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particle responses, respectively. The poles move as
indicated by arrows as k increases from zero to infini-

ty, k — oo, where of= w,t". The fact that the two
poles, w;" and w;, lie above the real w axis is surpris-
ing at first glance, since their presence seems to sig-
nal the breakdown of causality: in effect, the single-
particle excitations in the medium appear to precede
the moving ion in time. In reality, the ion is treated
as having been in motion long enough for the com-
plete development of waves including knock-on elec-
trons. There are, then, indeed precursor or bow
waves of electron-density fluctuations that run ahead
of the particle. Bow waves are associated primarily
with electrons that have been scattered in close colli-
sions with the ion into the forward hemisphere of
directions.

The scale of spatial variations of ® and d#» due to
the tw, poles is ~2# #/mv, the de Broglie
wavelength of an electron which has acquired
momentum mV from the ion. In the velocity range
of interest, v > vf, such fluctuations are short com-
pared to the length scale, ~v/,, associated with the
poles at w =+ w, that describe the €ollective fluctua-
tions in the wake trailing the ion. N

When y —0, one derives closed expressions for ¢,
and ¢, in terms of the integration variable ¢ = K/\/f,
viz.,

V2 Zem*w? (A
d1(p, £2) =—52‘LJ; aJo(~2pq)

sin(+27£+)

2¢+(g? + &%)
20)

The notétion +7 in the argument of ¢;, Eq. (20),
means that when 7 > 0, £4 is to be used in the right-
hand side of Eq. (21); similarly £_ is used when
Z <0. Also,

Zewlm?

¢2(p,2) =—Wj: aJo(~2pq)

N exp(—2"2y_|Z|)N
nsn-(ni+n)D

’

Q@D
where
g. = {lm (V= B)/ k1> — Q312 /2w
with
Ex=(a2 )", 2=m*(V?-p) /it -q? ,
82 = {[m*(v* — g1/ #?] — m*(2v?q* + Q}) / 2} 1/2
In addition,
n+=2""{[g* +2(mBq/1)* + (m Qo/ 1)?]'?
+[m?(v2 - )/ — g)]}\2

and
N =(n:C +0-8)(g* +m3—n2) -

+27}+T}-(T)+S - ’T)_C) B
where

C =cos(V27_7) , S =sin(v2n_|Z])
and

D =(g*+ni —n2)? +dnint .

It may be shown from Eqs. (18)—(21) that
®,(0,0) =—7 Zew?}/2vQy, ie., $;(0,0) = ¢,(0,0) =0,
if damping can be neglected (y —0). The value of
®,,(0,0) = ¢,(0,0) represents a model-independent
contribution to ® from the poles w =*ikv in the
complex w plane, corresponding to the extreme
long-wavelength response (k —0) of the medium.
The function ¢, is symmetric with regard to a reflec-
tion in the Z =0 plane so that its mean gradient at the
origin is zero. Both 8¢,(0,7)/9Z and 9¢(0,7)/9z
diverge logarithmically at Z —+0. Their sum has a
finite discontinuity at the origin that cancels a discon-
tinuity in the Z derivative of ¢; there.

Only the term ¢,(p,Z) has a nonzero mean ? gra-
dient at the origin and, thus, contains the retarding
effect of the medium on the particle. It may be
shown that F,(0_), the retarding force on a unit test
charge located just behind the ion, in terms of Eq.
(20) is given by

F00 =240
- 9z

F—0_

2 -2 ’
=Z%ln[_2v ] . (22)

v v —?

Similarly, if the test charge is located just in front of
the ion, the retarding force becomes

Fi0)=24,02
9z

2

_ Zew,p

=—7 In
v

(23)

The arithmetic mean of these terms, multiplied by
the charge Ze, yields the stopping power of the medi-
um for the ion, viz.,

-2
v +?
2
v —?

dz 22

2,2,.2
dE _Zew 24)

In Egs. (22)—(24), 3’ =v*—p? and
v*=9 — £2Q3/m?. For v much larger than 8 and

(£Qo/m)'2, one retrieves

2,2,2 2
.__d_g{_:Zewp 1n[2mv ] ) (25)

dz vz ﬁQo

the Bethe?® stopping power formula for fast ions
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In this approximation, the density is enhanced at

proceeding through an electron gas characterized by
the ion by the amount

the plasma frequency Q,.!® This prescription of com-
puting the stopping power of the medium from the

mean force on the particle is well known.!® Although Zm w2 2
- —~ 7n Ze

we have (properly) omitted the contribution from ¢ 8n(0,0) =8n,(0,0) = ‘Zh_v—p = (29)

and ¢, to the retarding force in the calculation

displayed in Egs. ,(22)_(24)’ it may be seen that the where small terms due to collective effects containing

total force is continuous at the origin and possesses a w, and B are neglected. This result agrees with the

finite discontinuity n slope the-re. ) exact calculation® of electron scattering on a point
The electron density fluctuation function may be charge, Ze, in the limit v >> Ze?/#

written i } : Figure 3 shows plots of ¢(0,Z)/Ze vs 7 (curve A)

an(p,2) =8n(p,2) +8n,(p,2) (26) and [¢(0,2) + ¢,(0,7)1/Ze vs 7 (curve B) for the

in terms of contributions from the poles at +w, and matenal-par‘ametef values given in the. figure caption.

+a,, respectively. For comparison with B the corresponding potential
One finds for negligible damping that f-unctxon compu'ted'in the local dielectric approxima-

tion of Eq. (4) is displayed as the dot-dash curve C.

As discussed following Eq. (8), ¢0(0,7) is symmetric
with respect to the position of the ion at 7 =0. Note

. Zm’w) e qJo(N2pq) sin(v2¢+5)
dmilp, £7) == \/f'rrh";j; 8%+ ——

and - Q7 that ifx the domain Z > 0, the asymmetric potential
. Zmio? _ function (¢, + ¢,) /Ze (curve B) has been scaled up
3ny(p,2) =S L aJo(\2pq) exp(—V2n_|3|) by a factor of 100 so that single-particle fluctuations
m ¢ are easily seen. The sum-total wake potential, Eq.
n+C +n_§ dg . (28) (17), is given by curve D. The slope at =0 yields
nan—(mt +712) the stopping power, Eq. (24).
A
3+ \
o ~

\ B (x100)
\ / \ /-\\(/ /I‘\

A,D

-

FIG. 3. Scalar electric potential in a medium near the track of a projectile, located at 7 =0, moving with velocity v=4
a.u. =8.76 x 108 cm/sec in the positive 7 direction through a medium characterized by ,=0.919 a.u.=25eV, =0.974
a.u. =2.13 x 10'% cm/sec, and wg =7y =0. These potential values were computed from Egs. (17)—(21) with the use of the dielec-
tric function of Eq. (15). Curve A shows ¢(0,7)/Ze vs Z, and is symmetric with respect to reflection through the point 7 =0.
Curve B depicts [¢,(0,7) +¢,(0,7)]/Ze as a function of Z Note that in the region 7 > 0 the function has been multiplied by 100
for the sake of clarity. Curve D displays the total wake potential, Eq. (17). For purposes of comparison, [®(0,7)/Ze — h(0,7)]
computed from Eq. (4) has been displayed as curve C, showing the prediction of local dielectric theory.
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FIG. 4. Induced density fluctuations along the trajectory of a projectile for the same parameters chosen for Fig. 3. The solid
curve was calculated from Egs. (26)—(28). It shows a collective wake trailing the particle and the electron density enhancement,
Eq. (29), at the origin. The value of 8n(0,0) is given to high accuracy by Eq. (29), which was derived neglecting collective ef-
fects completely. The bow wave and the periodic crispations superimposed on the trailing wake signify small-impact parameter

collisions with the projectile. The dashed curve displays the results of calculating 37 (0,7) from Eq. (10) using the dielectric
function, Eq. (3), without dispersion. When dispersion is included according to Eq. (13), without single-particle response, dn

follows the dash-dot curve labeled "hydrodynamic approximation."”

Figure 4 exhibits a plot of 81(0,Z)/Z vs Z comput-
ed from Eqs. (26)—(28) for the parameters used in
preparing Fig. 3. The prominent peak at Z =0 is
predominantly due to single-particle density enhance-
ment at the ion. At distances large compared to v/w,
behind the ion, 8n(0,Z) oscillates with wavelength
~ 2mv/w,. The dashed curve represents the result of
computing 87 (0,Z) from Eq. (10) in the local dielec-
tric approximation, Eq. (3); it oscillates for all Z <0,
but out of phase by 7/2 compared to the solid curve.
When merely dispersion is included according to Eq.
(13) without single-particle response, 81(0,Z) follows
the dash-dot curve referred to as the hydrodynamic
approximation.

Figures 5—7 display the wake potential as
®(p,Z)/Ze in the p,z plane as derived from Eq. (17)
for the parameters chosen for Fig. 3 and the ion
velocities indicated in multiples of the atomic unit
vo=e?/k Figures 8—10 show the corresponding
electron-density fluctuations according to Egs.
(26)—(28). One sees the distinctive oscillations of
the wake potential in the region behind the particle,
7 <0, of wavelength =27v/w,. Preceding the parti-
cle, the bow wave with much smaller amplitude ap-
pears at Z > 0, of wavelength =2# #/mwv, as given for
p =0 in the magnified view of Fig. 3. The bow
waves, here clearly visible, form periodic paraboloidal
disturbances with apexes slightly in front of the pro-
jectile and extending behind it with half angle of
opening ~ arcsin(8/v). They signify the emission of
plasmons by the ion, that eventually are damped into
electron-hole pairs. Single-particle effects in the form
of bow waves are contained only in a dielectric
description such as Eq. (15) that gives asymptotically
the proper single-particle behavior for large k.

These are new results. Heretofore, the equations
for ®, presented in complete form in Refs. 1 and 11,

were discussed only in terms of simplified dielectric
functions which did not contain single-particle
descriptions and, thus, could not lead to the com-
plete, rich wake structure given by Eq. (26) et seq.

Vager and Gemmell?! proposed an empirical for-
mula for the wake potential to account for measured
distributions?? for protons emerging along the beam
direction from thin foils bombarded with (2 to 3.5)
MeV (HeH)* ions. The experiment probes the wake
potential close to the origin, near the initial separa-
tion given by the internuclear distance (—2 A) of the
ions. The formula results from Heisenberg broaden-
ing!8 of the local dielectric potential by replacing p*
with p? + (#/mv)?, where 27 #/mu is the de Broglie
wavelength of an electron in the medium viewed
from the rest frame of the ion. In short, compared
to our Eq. (4), the Eq. (5) in Ref. 21,

Dy (p,2) =____Zeva J:o sin wpt
2 -1/2
x| o2+ || + e+ 22| ac ,
{mv
30)

is a potential that is Heisenberg-broadened in the p
direction.?® This can be seen by integrating Eq. (30),
with the identity

G2+ [ d G exp(=lyl0 G
to obtain
2Z ;
By = Zehyo(p.7) + =222 sin —u—zﬁl
211/2 v
xK(,[& o+ —5—] ]@(—2) : (32)
v mv
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FIG. 5. Wake potential surface ¢,,(p,7)/Ze, as calculated for a projectile moving with velocity v in a medium having prop-
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FIG. 6. Wake potential surface for the conditions of Fig. 5 except that v=3.
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FIG. 7. Wake potential surface for the conditions of Fig. 5 except that v=4.
'1 V=
=
0.1
Sn/Z 0.05-
4
0 -
/0
-8 _ 8
©-a -12 ¢
=10 -8 q P
7 "® .4 2

FIG. 8. Surfaces depicting electron density fluctuations 8n(p,Z) induced by a moving ion under conditions of Fig. 5. The
density enhancement at the origin is clearly visible. The single-particle bow wave and the crispations superimposed on the col-
lective wake have wavelength ~2# #/mv. A series of wave fronts generated by the particle motion appear ahead of the particle
The crests of these waves extend to the side of and behind the particle, widening and blending smoothly to constitute distur-
bances with the limiting wavelength 2mv/Q characteristic of collective motion. The parameters are the same as those specified
in Fig. 5. Note that the scales of Z and p have been expanded as compared to those of Fig. 5 to exhibit details.
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FIG. 10. Surface depicting electron-density fluctuations for the conditions of Fig. 5 except that v =4
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21172 -

p + WpZ

mv v

(33)

Evidently, this type of heuristic quantum correction
does not include Heisenberg broadening in the Z
direction nor the bow wave component and, thus,
leads to a result that differs merely in minor ways
from our simplified form'® quoted in Eq. (4). Only
a complete dielectric description, as Eq. (15), reveals
the full-wake phenomenon with bow waves, Egs.
(26)—(29), and yields the potential that gives the
correct formula for the stopping power, Eq. (25).

As we indicated earlier,!! for the effective,
velocity-dependent charge number, Z*(v), of the
moving ion,** the relative density fluctuation |8n/n|,
in the collective part of the wake [7 < %n(v/m,,)],

given by

_ﬁ’LS lwl’
v

3
hjwp

mv§ ’

eV<I>
mao}

onf_
n

v>vyy , (34)

<Z*(v )[

v

is always smaller than one. That is, linear-response
theory applies even for collective wake phenomena
induced by ions with large atomic numbers.

The paraboloidal cones of boundary waves
displayed in Figs. 5—10 deserve further comment.
They are akin to Mach cones of acoustical waves gen-
erated in elastic media and to Vavilov-Cherenkov
cones of the radiation fields generated in dielectric
media by swift projectiles. But the waves discussed
here differ from the known phenomena. They
represent coherent charge-density fluctuations in-
duced by the longitudinal electric field of moving
ions in a Fermi liquid of charged particles. These
density fluctuations consist of coherently emitted ele-
mentary excitations. In the linear average description
used here, they are plasmons at large distances
(>>v/ Q) from the track and quasiparticles (struck,
dressed electrons) at points close (<<v/Qy) to the

track. The energy flux in the shock front may be
quite large for Z >> 1 and v > vy, according to the
theory employed here. One must remember, howev-
er, that the plasmon is a quantum entity. Multi-
plasmon absorption by a single electron ejected from
the valence band could conceivably result in the
emission of a very energetic electron. But the proba-
bility for such high-order, compound processes is un-
known and must be evaluated before one can make
quantitative predictions about the significance of such
high-energy products for the study of electronic
shock waves. It seems likely that the overwhelming
fraction of the decay products consists of a large
number of low-energy electrons, each with energy
=y, corresponding to the single-particle decay of
plasmon states.

III. ENERGY FLUCTUATIONS

The wake potential described by Eq: (1) represents
a statistical average of a quantity that is subject to
quantal fluctuations. A measure of these variations
may be obtained by comparing (1, the straggling of
energy loss (or gain) of a test charge Q located at an
arbitrary position in the wake, with —(dE), the ex-
pected value.of its energy loss. We do not assume
that the test charge is bound in the wake of the lead-
ing charge but only that it proceeds with equal veloci-
ty through the medium and remains at essentially the
same location in a coordinate system in which the
leading charge is at rest for a time long enough for
the calculation sketched below to be valid. We have

‘in mind an ionic dicluster formed when a swift

molecular ion is incident on a solid. The energy loss
may be written in terms of the force on the test
charge exerted through a path length dR as

—(dE) =—(Q*(dE)o + QZe (dE),) . 35)

The mean energy loss for a unit charge due to the
self-wake of the test particle is given by

) 2 =
—(dE)o=dR $¢o=anJ; kdk

k? ek, »)
The energy loss due to the wake of the leading ion at the position p,Z for a unit test charge, in terms of Eq. (1),

N “’"“’Im[ -1 l 36)

is given by
—(dE(p,2)), = dR L&, (p,7)/Ze = dR ——f Kk dx f Jo(px) Im | =expliwZ/v) (37
9z e(k, w)

The total force, —(dE/dR ), is due to the action of electronic motion induced in the medium through the scalar
electric potential, @y, set up by the test charge and through the wake potential & trailing the swift ion. - The force
is the result of the development, in time, of the wave function of the medium under the perturbing influence of
the ion and the test charge.

The effect of the medium in terms of elementary collision processes entails the quantum of energy fiw and the
momentum #K perpendicular to V. The probability, d>p/dk d w, that the test charge absorbs a quantum of fre-
quency w and wave vector ¥ while traversing the path length dR becomes
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d*p 20 K —exg(io)z‘/v) -1
= +O0Im|l—————1|| . 3
dede dRﬂ'ﬁvz K2 + w?/v? ZeJolpr) Im[ e(k, w) Qlm e(k, w) (38)

Note that only if both p and Z are zero is Eq. (38)
positive definite. It must have the possibility of be-
ing negative, since it may describe energy gain in cer-
tain regions of the wake.

The differential probability d?p/dw d« is similar to
the complex space- and time-dependent Van Hove
correlation function,?® which is obtained by Fourier-
transforming a positive-definite probability distribu-
tion function that depends on energy and momentum
transfer. This type of correlation function reflects
the essential quantum properties of the system.!®
Equation (38) may also be regarded as a kind of
Wigner distribution function, since it describes
momentum and energy transfers to the medium at an
arbitrary position.

To obtain Q2 we need only multiply the integrands

T

of Egs. (36) and (37) by %w, as was shown on gen-
eral grounds by Bohr.?® Thus,

0%(p,7) = ((dE)?) — (dE)?
=102Q3+ 0 Ze 02(p,7)| (39)

where the usual straggling in energy loss for a unit
test charge is given by

25~ ”wzaw
3_4r 2K
0}=dR 'rerJ; wd |, 5% Im

-1
elk,w) |’
(40)
i.e., is caused by the wake set up by the test charge
itself. The contribution of the wake induced by the
leading ion to the straggling in the energy loss of the
test charge at p,Z becomes, for Q =e,

)

20y _ap 2K (7 * wldo —expliwz/v)
Q2(p.7) =dR wzj; cdn f Jo(Kp)Iml———p——e(k,w) . (41)

It is understood that Q2 by definition must be positive definite, hence the absolute value sign on the right-hand
side of Eq. (39). In the limiting case Q << Ze, both the energy loss and the straggling of the test charge calculat-
ed from Eq. (39) without the absolute value sign may become negative if it is located, e.g., in the

(a.u.)

Z (a.u)

FIG. 11. Total energy straggling per unit pathlength, ©2(0,7)/dR [(a), solid curvel, of a charge Q =e behind a moving pro-
ton under the conditions of Fig. 3 is only slightly larger than the constant quantity, Q3/dR [(a), dotted line] due to the test-
charge wake in the absence of the leading proton. The total stopping power, —(dE(0,7)/dR) [(b), solid curve] of a charge
Q =ein the proton wake varies strongly with 7 and can approach zero, as compared to the constant —dE/dR [(b), dashed line]
of the test charge without a leading proton. The parameters chosen were the same as those used for Fig. 3.
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region

_37 v <;<-_T v
2w, T 2w,
Figure 11(a) displays Eq. (39) for a test charge
Q =e along the trajectory (p=0) of a proton (Z =1).
The difference between Q2/dR (solid curve) and the
7 independent Q3/dR (dashed line) is seen to be
<10% at all distances equal to or larger than typical
internuclear separations in molecular ions (~2 a.u.).
By comparison, Fig. 11(b) shows that the stopping
power, —(dE(0,7)/dR), for the test charge along the
leading-ion track varies strongly with Z relative to the
constant value, —(dE/dR ), in the absence of a wake
and, in fact, can approach the value zero. We con-
clude that under typical conditions of experimental
interest, energy fluctuations in the wake have only a
small effect on the energy loss and straggling of pro-
jectiles moving in the coherent wakes that trail swift
ions in solids. This is to be expected since the trail-
ing part of the wake consists mainly in small displace-
ments of a relatively large number of electrons and
hence carries small momenta (<< #krz). In addition
the quantal energy content of the trailing wake
should be narrowly concentrated about the plasmon
energy. The leading ion plows its way through the
electron gas leaving only gentle perturbations that
persist in the neighborhood of the track. These per-
turbations may affect the trailing ion appreciably but
should give rise to minimal fluctuations in its motion
compared with fluctuations experienced in its direct
interaction with the undisturbed medium. Similarly,
we expect that dewaking of an electron in a wake-
bound state trailing a swift ion will originate primarily
from interactions of the wake-bound electron with
electrons in the ground state of the solid!! and- that
negligible contributions will arise due to interaction
with the wake of the leading ion. This implies the in-
tegrity of the wake potential, which indeed has been
-confirmed through observations of the alignment of
diclusters by the wake force,’ the Coulomb-explosion
patterns of clusters,?” and the wake splitting of atomic
states under resonant coherent excitation in crystal
channels.?

D 0<p<v/ow, .

V. SUMMARY

We have shown that a swift charged particle in-
duces excitations in an extended matter medium. In
the region behind the particle, they are predominant-
ly collective in character. In the forward hemisphere
of directions, quasiparticle excitations make up bow
waves preceding the particle. These constitute
knock-on electrons which have experienced small-
impact-parameter collisions with the particle. In
domains very close to the particle (R < #/mv), both
the wake potential and the wake density undergo
marked variations along the particle track. The for-
mer determines the stopping power of the medium
for the particle, and the latter the electron density at
the projectile.

Energy straggling of particles moving in the wake
of leading ions is shown to be somewhat larger than
that experienced by isolated particles. But the incre-
ments are sufficiently small for normally occurring
ion clusters so as to affirm the wake as a well-defined
physical phenomenon in many-electron systems.

A swift ion creates paraboloids of multiple elec-
tronic shock waves of some complexity. It is con-
ceivable that this rich spatial structure of electron-
density fluctuations may have interesting manifesta-
tions in experiment and important consequences for
the behavior of matter under high-intensity ion-beam
bombardment.

ACKNOWLEDGMENTS

The authors enjoyed the hospitality of the Caven-
dish Laboratory during the time when some of this
work was carried out. They are indebted to V. Heine
and A. Howie for their support. Thanks are due to
V. E. Anderson who performed many of the numeri-
cal calculations and to C. C. Sung for a very helpful
conversation about the material in Sec. IV. P.M.E. is
grateful for encouragement by C. Sierra. This
research was sponsored by the Office of Health and
Environmental Research, Department of Energy,
under Contract No. W-7405-eng-26 with the Union
Carbide Corporation.

‘Permanent address: Fisica del Estado Solido, Faculdad de
Ciencias, Diagonal 645, Universidad de Barcelona,
Barcelona -28, Spain. .

tAlso, Dept. of Phys., Univ. of Tenn., Knoxville, Tenn.
37916. :

V. N. Neelavathi, R. H. Ritchie, and W. Brandt, Phys. Rev.
Lett. 33, 370, 640E (1974); 34, 560E (1975); V. N.
Neelavathi and R. H. Ritchie, Atomic Collisions in Solids V
(Plenum, New York, 1975), p. 289; P. M. Echenique,
thesis (University of Barcelona, 1976) (unpublished); P.
M. Echenique and R. H. Ritchie, Elhuyar 7, 1 (1979).
The last paper is written in Basque. Reprints may be

obtained by writing to the journal editor at Elhuyar,
Circulo San Ignacio, San Marcal 26 bajo, San Sebastian,
Spain.

2W. Brandt, A. Ratkowski, and R. H. Ritchie, Phys. Rev.
Lett. 33, 1329 (1974); 35, 130E (1975). :

3D. S. Gemmell, J. Remillieux, M. J. Gaillard, R. E. Hol-
land, and Z. Vanger, Phys. Rev. Lett. 34, 1420 (1975).

“R. Laubert and F. K. Chen, Phys. Rev. Lett. 40, 174
(1978).

SW. Brandt and R. H. Ritchie, Atomic Collisions in Solids VI
(North-Holland, Amsterdam, 1976); and Nucl. Instrum.
Methods 132, 43 (1976).



2580 P. M. ECHENIQUE, R. H. RITCHIE, AND WERNER BRANDT 20

6F. Bell, H. D. Betz, H. Panke, and W. Stehling, J. Phys. B
9, L443 (1976).

7Cf. Haifa International Workshop 1976: Topics in Atomic
Physics Related to Nuclear Instrumentation, edited by B.
Rosner and R. Kalish, Proc. Israel Phys. Soc. 1, (1977).

8H. A. Bethe, Ann. Phys. 5, 325 (1930).

%]. Neufeld and R. H. Ritchie, Phys. Rev. 98, 1632 (1955);
99, 1125 (1955).

10Sign of the second term in Eq. (4) is opposite to that in
Ref. 1, where the z axis was considered to be oriented in
the direction —V.

1R H. Ritchie, W. Brandt, and P. M. Echenique, Phys.
Rev. B 14, 4808 (1976); R. H. Ritchie, P. M. Echenique,
W. Brandt, and G. Basbas, IEEE Trans Nucl. Sci. 26,
1001 (1979).

12M. Ichikawa and Y. H. Ohtsuki, J. Phys. Soc. Jpn. 27, 953
(1969).

13B. 1. Lundqvist, Phys. Status Solidi 32, 273 (1969).

14A. L. Fetter, Ann. Phys. 81, 367 (1973).

15J. C. Inkson, J. Phys. C 5, 2599 (1972).

16, R. Penn, Phys. Rev. 128, 2093 (1962).

17W. Brandt and J. Reinheimer, Phys. Rev. B 2, 3104
(1970).

18W, Brandt and R. H. Ritchie, in Physical Mechanisms in
Radiation Biology, Proceedings of a Conference held at Airlie,
Virginia, 1972, edited by R. D. Cooper and R. W. Wood
(USAEC Technical Information Center, Oak Ridge,
Tenn., 1974), p. 20.

191t is not clear to us who first used the fact that the stop-
ping power of a medium for a swift charged particle may
be obtained from the gradient along the direction V/v of
the self-consistent potential set up by the particle in the -
medium and evaluated at the position of the particle. Ear-

ly workers who employed this approach are I. M. Frank
and 1. Tamm [Dokl. Akad. Nauk. SSSR 14, 109 (1937)];
E. Fermi [Phys. Rev. 56, 1242 (1939) and 57, 485
(1940)]; and R. Kronig and J. Korringa [Physica (Utrecht)
10, 406 (1943)].

20N, F. Mott and H. S. W. Massey, The Theory of Atomic
Collisions, 3rd ed. (Oxford University, London, 1965),
p.57. .

217, Vager and D. S. Gemmell, Phys. Rev. Lett. 37, 1352
(1976).

227 Vager, D. S. Gemmeli, and B. J. Zabransky, Phys. Rev.
A 14, 638 (1976).

2 Applying Egs. (32) and (33), Vager and Gemmell (Ref.
21) retrieve the semiclassical stopping power formula [cf.
N. Bohr, Philos. Mag. 25 (6), 10 (1913)], to wit, a
stopping number that contains the argument 1.123
X mvz/h'ﬂ.o. The correct quantum-mechanical argument
2mv?/ BQY of the Bethe formula (Ref. 8) obtains only by
incorporating the full dielectric response of the medium
through Egs. (15)—(21), as demonstrated in Eq. (25).

28w, Brandt, in Atomic Collisions in Solids, edited by S. Datz,
B. R. Appleton and C. D. Moak (Plenum, New York,
1975), p. 261; B. S. Yarlagadda, J. E. Robinson, and W.
Brandt, Phys. Rev. B 17, 3473 (1978).

25L. van Hove, Phys. Rev. 95, 249 (1954).

26N, Bohr, Kgl. Dan. Vidensk. Selsk. Mat.-Fys. Medd. 18
(8) (1948).

27R. Laubert and F. Chen, Phys. Rev. Lett. 40, 174 (1978).

285, Datz, C. D. Moak, O. H. Crawford, H. F. Krause, P. F.
Dittner, J. Gomez del Campo, J. A. Biggerstaff, P. D.
Miller, P. Hvelplund, and H. Knudsen, Phys. Rev. Lett.
40, 843 (1978).



