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Dynamic loads in a solid body due to passage of charged-particle beams are determined. It is shown
that at not very high energies the loads increase linearly with beam energy. At high energies (up to
several hundred MeV) the loads are independent of energy in the case of an electron (positron) beam
and decreases with increase of energy in the case of a proton beam. An experimental verification of
the theory by measuring the amplitude of sound excited by the beam is proposed.

l. Theories of the interaction of fast particles with
matter are the subject of an extensive literature. They
deal principally with the fate of the beam itself or with
the heating of the target material and the various de-
fects that are produced in it. Yet it is no less well
known!'®] that when a beam of fast particles passes
through matter dynamic loads are also produced and
can lead, in particular, to excitation of elastic oscilla-
tions in the medium. The present paper is devoted to
an investigation of the character of the dynamic loads
and to their dependence on the beam parameters and
on the target material®.

We determine the longitudinal load (with respect to
the direction of the incident beam) in the case of elec-
tron (positron) and proton beams. Exact formulas are
obtained for two limiting cases, a thin target (6 « 1,
AE{ «< E,) and a thick target (h > [), where 0 is the
rms beam broadening angle, AE; is the total energy
lost by the beam particles in the plate, E, and [ are
the initial energy and mean free path of the beam parti-
cles, and h is the plate thickness.

At low beam energies (several hundred keV for a
plate of thickness on the order of 0.01 cm), the pres-
sure Pg exerted by the beam on the plate does not
depend on the target material and increases linearly
with energy, Pg = nopovo, where p,, vo and n, are the
momentum, velocity, and density of the beam of inci-
dent particles. At high beam energies, the dependence
of the pressure on the energy has a more complicated
character. We present here numerical calculations for
aluminum, copper, and lead plates 0.01 cm thick at
energies starting with several MeV (see the figure).
We have no exact formulas for the intermediate energy
region. It is nonetheless easy to conclude that the
function Pg, which increases at low energies and de-
creases at high energies, should have a maximum in
this region.

We consider the case of beams of not too high a
density, namely the energy released when the beam
passes through the target material is insufficient for
phase transitions or reactions that alter significantly
the density and the elastic properties of the target

DExcitation of elastic oscillations by fast particles was considered in
a number of papers [*~¢].
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material (such as vapor production or chemical reac-
tions).

2. We consider a thin plate, h « d/§, on which a
cylindrical beam of charged particles is normally in-
cident (d is the beam diameter). Introducing the prob-
ability density for particle scattering in the target
material W( 6, w), we obtain for the change in the
beam momentum per unit time (per unit area of the
beam cross section)

P.=1, [ [W(6,0) (p—p)do’ do, 1)
where J, is the flux of the incident particles, p and
p’ are the particle momenta before and after scattering
by the plate, w is the change of the particle energy,
and 6 is the scattering angle. Projecting (1) on the
direction of motion of the incident beam and introduc-
ing the symbol Ap = |p| — |p'|, we obtain

P,=P,+ P,

(2)

Eﬂ n
P, =2, j j W (8, ®) Ap cos 8d(cos 8) d,
00

P,y =27nJp, J‘ W (8) (1 — cos 8) d(cos B),
where
W(9)=_[ W (8, 0) do.

We are interested in thin plates, passage through
which alters the beam little

<1, AE<E,. (3)
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We assume first that the beam energy is not very large,
E, <« €¢, where €. is the critical energy (the energy
at which the radiative and ionization losses of the par-
ticle in the medium become equal). The calculation of
the expressions in (2) is then much simpler. Indeed,
in the expression for Pgj we can put cos § =1 and
Ap =€jon(h)/ vy, where €jon(h) are the ionization
losses in a plate of thickness h. Further, we can sub-
stitute for W( 6) in the expression for Pgq the parti-
cle[a_z't]ngular distribution function for multiple scatter-
ing

0
W(9)=B%exp {——62— . 4)

As a result we obtain

Py = Iion(h) [ve; Poa="[Jopd" 5)

The quantity Pg is obviously the pressure exerted by
the beam on the plate. The term Pgj describes the
pressure connected with the ionization deceleration of
the beam particles in the target material; the term
Pgq describes the pressure due to the angular broad-
ening of the beam.

If the condition E, «< €¢ is not satisfied, then Pg is
only part of the pressure on the target, since it is
necessary, generally speaking, to take into account in
this case the pressure exerted on the target by the
bremsstrahlung photons. In the considered case of a
thin target, satisfying the inequality (3), the brems-
strahlung photons are emitted from the target without
transferring to the matter appreciable energy or mo-
mentum. The contribution made to the pressure by the
bremsstahlung photons can obviously be disregarded.

The final expression for the pressure is obtained by
substituting in (5) the well-known Bethe formula for the
ionization losses and the Moliere formula for § (see,
for example,!):

4
P.=n, Znenzh{2Aa+ AM(z+1)}' (6)
vy muv, Do

where z and n are the atomic number and the number
of atoms per unit volume of the target material; A
and AM are factors that depend logarithmically on the
energy and are of the order of 2—10.

The dependence of the pressure on the beam energy
for aluminum, copper, and lead plates of thickness
h =107 cm is shown in the figure. We see that in the
case of an electron (positron) beam the pressure is
independent of the energy in a wide range of energies;
only in the region of relatively low energies should a
certain decrease of pressure be observed with in-
creasing energy. In the case of a proton beam, the
pressure decreases monotonically with increase
energy. We note that according to (6) the value of Pg
is proportional (with logarithmic accuracy) to the
plate thickness h. Therefore in the region where the
theory is applicable (i.e., for h < 107'~107% ¢m) the
presented diagrams make it easy to determine the
pressure in the case of plates of arbitrary thickness.

3. We consider now the case of a thick target, in
which the beam is completely absorbed, h » [ (! is
the cascade length in the substance). In this case the
pressure exerted on the target is obviously equal to
the total momentum introduced by the beam particles
per unit time into the interior of the target (per unit
beam area).
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P, = nypos. (7)
Of course, this formula is valid for sufficiently broad
beams [, «< d, where 6, is the average divergence
angle of the cascade particles. If this inequality is not
satisfied, then the momentum transferred to the target
(per unit time) is equal, as before, to (¥s)nepevend?; in
this case, however, it is distributed not over a region
(7s)7d® but over a larger region, since this pressure
is no longer determined by formula (7).

Since the range of the particles in the target
material increases with increasing energy, formula
(7) is valid for a plate of definite thickness in the case
of low beam energies. In the case of high energies,
conditions (3) are satisfied, and then formula (6) holds.
For the intermediate energy region we have no exact
formula, but it can be concluded nevertheless that Pg,
which increases at low energies and decreases at high
energies, should have a maximum in this region.

4. The dynamic loads produced in a solid passage of
a beam should lead, in particular, to excitation of elastic
oscillations in the solid. The amplitude of the excited
elastic oscillations is obviously proportional to the
dynamic load, and therefore the change of the ampli-
tude should serve as an experimental check on the
theory of dynamic loads. It is particularly easy to
trace the dependence of the load on the density, type
of particle, and beam energy. To this end it suffices
to compare the amplitudes of the sound excited by dif-
ferent beams in one and the same target.

It is somewhat more difficult to verify the depend-
ence of the dynamic loads on the target material. It is
apparently easiest to do so by using scaling considera-
tions. Namely if two substances have close Poisson
coefficients o, then plates made from these sub-
stances, with linear dimensions [ having the same
ratio as (E/p)Y?,

Ll = byt by =l be = (E(/ py) % (E2/p2)t,
are acoustically equivalent in the sense that the ampli-
tudes u of the sound excited in them are related like
the corresponding loads
g =P,:P,
(E and p are Young’s modulus and the density; the
subscripts 1 and 2 pertain to the two substances).
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