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The specific energy losses of a proton moving with arbitrary velocity are calculated within the framework of
the quantum permittivity of the electron gas of a metal. It is shown that good agreement with experiment is
obtained at low velocities, and that in the region of the maximum the polarization losses make a contribution

of the order of unity.
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1. An electric charge moving in a medium produces
an electromagnetic field that influences in turn the elec-
tron motion. The force produced in this interaction is
applied to the moving charge and is antiparallel to its
velocity v. This deceleration force (sometimes called
the radiative friction force) is determined by the elec-
tromagnetic properties of the medium, which can be de-
scribed by the dielectric tensor € ,(k, w), which is a
function of the frequency w and of the wave vector k of
the oscillations produced when the charged particle
moves.

The deceleration force of a singly charged heavy par-
ticle (say a proton) can be expressed in the form (see,
e.g., Ref. 1)
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where ¢ is the proton charge, ‘(k,w) and £*"(k, w) are
respectively the longitudinal and transverse permittivi-
ties of the isotropic medium. The moving charge ex-
cites waves of frequency w =kv. The first term in the
square brackets of the integrand of (1) is determined by
the longitudinal permittivity €’(k, w) and corresponds to
emission of longitudinal potential waves—the polariza-
tion energy loss. The second term of this integrand de-
scribes the emission of transverse waves. Since the
condition for excitation of transverse waves is (v/c)
(€'")1/2cos 6 =1 (6 is the angle between the particle-mo-
tion and wave-propagation directions), and in a plasma
€' <1, no Cerenkov effect takes place under these con-
ditions, and the second term of (1) must be left out.

]a(«»—kv)dk. (1)

As the charged particle moves, the quasifree elec-
trons of the decelerating medium are displaced not only
by the action of the polarization forces, but also by the
action of the friction force that determines the finite
electric conductivity of the medium. Kramers? has
shown that the deceleration force of a charged particle,
due to the conductivity of the medium, is negligibly
small., The specific loss in this case should be calcu-
lated using the formula

kv
k*e' (k, kv) 2)
2. The longitudinal permittivity of a degenerate
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Fermi gas of a metal can be calculated using the quan-
tum kinetic equation with an equilibrium function,
namely the Fermi-Dirac function (see Ref. 3)

. _ a Qe+ Q-tH
o E0) =1+ (4s+om e ). ©
o=1-(Q+§)’, ¢=1—(Q-F)"

The notation in (3) is the following: Q =w/kve, £=Kk/
2muvgp, @ =e?/fivg, vy is the electron velocity on the
boundary of the Fermi surface. The parabolic law &g
=mvk/2 is assumed here and elsewhere.

To calculate the integral (2) we must separate the
real and imaginary parts of the permittivity. Recog-
nizing that after integrating with respect to w in (1) the
frequency vanishes andk*vappears in the argument €',
we shall therefore replace § in (3) by k*v/kve =uy,
where u =v/v, is the particle velocity referred to the
Fermi velocity, and y =cos 0 varies generally speaking
in the range —1 <y <1. The real part of the permittiv-
ity is then

a uy+g+1 _ uy—E+1
Ree!(k,uy)=1+ g (4§+(p In I - I $ln I o ), (4)
o=1—(uy+§)*, P=1—(ay—)"

The imaginary part Im g*(¢,uy) is defined in two bands
(see Fig. 1):
Ime' (¢, uy)={'/.a§-'[1—(uy—§)‘], i<wys<gtt
=t (1~ (uy+E)*], —1-t<uy<i-%
Recognizing that Im€*(£, uy) is an odd function of y
while Re €}(£,uy) is even, we can write the expression
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FIG. 1. Region of existence of Im & (¢, ) on the (y,¢)
plane aty >0. In region I we have Im €°(¢, uy) = ouy/2¢2,
and in region I, Im £*(¢, uy)=.(a/8£% [1—(uy —£)?]. The
integration schemes are shown for ¥ < 1 (a) and z> 1 (b).
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for the specific energy loss (2) in the form gtu)

dE 2 2Ry /m.\* 1
T () o), (6)

m
where Ry=13.6 eV, a, is the Bohr radius, m, is the

electron effective mass, and g(u, @) is a dimensionless
friction coefficient given, in accord with Fig. 1, by dif-

ferent analytic expressions at u<1 and u>1:
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+"§;'_’.dy-" —ET e’ (& uy)* ' ) FIG. 2. Dependence of the dimensionless friction coeffient
° 1—uy

glu, @) on the velocity u at a equal to 1.0 and 2.0.
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: which corresponds to the Pines formula obtained by the
with method of collective variables.’ Thus, expressions (7)
| (&, uy) [*=[Re ¢! (&, ug) 1+ [Im e'(5, uy) I ::csle(:) give correct values of g(x, @) in the limiting

In the first and second integrals of (7) and in the first
integral of (8) we used the value of Im £!(§, uy) in the
region I (see Fig. 1), while in the third integral of (7)
and in the second and third of (8) the imaginary part
corresponds to Im €*(£,uy) in region II.

We consider now the behavior of g(u, @) at u= 1. As
seen from Fig. 2, the dimensionless friction coefficient
reaches a clearly pronounced maximum in the region u
=~ 1. This leads to deviation from linearity of the spec-
ific energy loss, which increases somewhat faster with

3. Expressions (7) and (8) were determined by nu- increasing u. This fact is apparently due to the fact that
merical integration. The values of g(u,a) at 0.5<a <3 Re €'(£,uy) has a minimum at u=1, meaning a more in-
and 0.01 < < 20 are listed in Table I. Figure 2 shows tense plasmon emission.

a plot of the friction coefficient g(u, @) at two values of

a, namely, 1.0 and 2.0. 4. We compare now the obtained specific energy loss

curves with the experimental data.’-13 By way of ex-

At small u, the function g(x, @) has same linear spe- ample we compare the theoretical results obtained in
cific energy loss velocity dependence as obtained in Ref. accord with (6), (7), and (8) with experiment for alum-
4. Indeed, if we put =0 in (7), then the second and inum (Fig. 3), copper (Fig. 4), and silver (Fig. 5).

third integrals vanish, and the first integral yields the

same value of g(0, @) as in (32) of Ref. 4. Further We note first the good qualitative agreement between

transition to the “quasiclassical” formula (26) of the the calculated values of the friction force and the ex-
cited paper and expansion in terms of @ < 1 yields the perimental points at low velocities ¥ <1, where a linear
known expression obtained by Fermi and Teller.’ Un- dependence is observed, with the slope ~dE/dx in a-
fortunately, this expression is not suitable for the cal- greement with the experimental data for the three met-
culation of the specific energy loss, since @ in metals als. At u=2 the calculated specific loss curve reaches
is always larger than unity.® At high velocities, u>1, a maximum th?‘t is shifted t? wards lower u; Fhe maxi-
the dimensionless friction coefficient can be calculated mum agrees with the experiment for Al and is some-

‘ what smaller in the cases of Ag and Cu.

In the velocity region 0.5 <u <10 the energy losses

TABLE L are determined by two processes with overlapping u:
¢ -df/dz,eV/A
u 0.0
0.5 | 08 I 1.0 I 1,2 1.4 16 18 2,0 25 3.0 /X
w0 7N
001 | 122 0904 | 0770 | 0668 |0588 |0524 |0.471 |0.427 [0.341 [0.281 A \ L
005 | 122 0905 | 0771 | 0669 |0590 | 0526 |0.472 0428 [0.343 [0.283 54 d .
0.1 1.22 0907 | 0773 | 0672 |0.592 | 0,528 | 0,475 {0.431 [0.346 (0,287 Y54 .
03 123 0916 | 0785 | 0685 |0.607 |0544 |0.492 |0.443 |0.364 |0.303 N A AL
0.5 1.23 0926 | 0798 | 0701 |0.625 [0.562 |0.511 [0.468 (0,385 [0.325
0.7 1.22 0933 | 0810 | 0716 [0.642 |0581 | 0531 |0489 [0:406 [0.346 20|/ N
0.9 1.22 0. 0821 | 0731 |0:659 |0.600 | 0.551 | 0:509 |0428 |0.368 / \\
10 1.22 0943 | 0827 | 0738 |0.668 |0.610 |0.561 |0.520 [0.439 J0.379 \\
1,2 121 0954 | 0841 | 0756 [0.689 |0.630 [0.583 |0.542 [0.462 [0.402 g
;.g 1,00 0.937 8.863 0,796 ggzz 0.661 0.61% 8578 8?83 gzgg
. 0828 | 074 690 | 0654 |0.625 0596 |0.573 [0.550 |0. ) Y
18 0633 | 0570 | 0548 | 0516 |0.499 |0.477 |0.462 |0.446 [0.416 [0.390 0z 45 10 20 00 /0"’” /”v”
2,0 049 | 0455 | 0427 | 0408 |0.399 |0.383 [0.371 |0.360 [0.338 |0.320 vl emisec
25 0285 | 0264 | 0252 | 0242 [0.236 |0.228 [0,223 [0,220 [0.207 [0.198
130 0480 | 0166 | 0161 | 0155 [0.450 |0.147 [0:143 [ 0141 {0.435 [6.430 . .
50 0.048 0.044 0.044 0.042 |0.041 |0.040 |0.040 |0.039 3.033 003 FIG. 3. Specific proton-energy loss vs. proton velocity in
100 | 0008 | 0007 | 0007 | 0007 |0.006 |0.006 |0.006 |0.006 {0.006 [0.006 -
190 | 0008 | 0% | 060 | 6002 |000s |000s |0:0as |0.0s [0002 [000z @luminum. Curves 1 and 2 correspond to m /m = 1 and 1.6,
20.0 0.001 0.001 0.001 0.001 |0.001 |0.001 | 0.001 | 0.0009[0,0009 [0.0009 respectively. The points mark the experimental data. 1
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FIG. 4. Specific proton energy loss vs. proton velocity in
copper, Curves 1 and 2 correspond to m,/m =1 and 1.5,
respectively. The points mark the experimental data.?™13

polarization of the electron gas of the metal, with char-
acteristic velocity vy, and ionization of the outer elec-
trons of the lattice ion core of the metal; the velocity of
these electrons v = vy =e*/k is close to the Bohr veloci-
ty.

In real metals (see Ref. 6) we have @ =vy/vp 2 1, so
that the maximum of the total energy loss should indeed
be shifted towards velocities ¥ = a, for when the veloci-
ty of the incident proton increases, deeper electrons of
the ion core, with large orbital velocities, participate
in the ionization process. A quantitative analysis of this
fact, however, is quite difficult, since the Bethe-Bloch
formula gives a correct result only if > a.

Thus, the disparity between the energy-loss maximum
calculated with account taken of only the polarization of
the electron gas of the metal, on the one hand, and the
experimentally obtained value, on the other, is under-
standable. It can nevertheless be stated that the polar-
ization energy losses are decisive in the low-velocity
region up to <1, and near the maximum they contrib-
ute a noticeable fraction. At high velocities u>> a, the
polarization loss is low, but under channelingconditions
(motion in an axial channel, when the loss to ionization
becomes much smaller than in an “amorphous” metal,
owing to large impact parameters), it may become nec-
essary to take them into account, too.

Extension of the results presented here to include
multiply charged ions calls apparently for a special
treatment, since motion of such ions in the metal can
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FIG. 5. Specific proton energy loss vs. its velocity in silver
at m4/m=1. The points mark the experimental data,’"13

change their effective charge.

In conclusion, the author thanks A.E. Lenev for the
numerical calculations.
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